Ae 


ELECTRIC 
MACHINERY 
FUNDAMENTALS 


Stephen J. Chapman 


ELECTRIC 
MACHINERY 
FUNDAMENTALS 


ELECTRIC 
MACHINERY 
FUNDAMENTALS 


FOURTH EDITION 


Stephen J. Chapman 
BAE SYSTEMS Australia 


craw Higher Education 


Boston Burr Ridge, |L Dubuque, !A Madison, WI New York 
San Francisco St.Louis Bangkok Bogota Caracas Kuala Lumpur 
Lisbon London Madrid Mexico City Milan Montreal New Delhi 

Santiago Seoul Singapore Sydney Taipei Toronto 


eM) Higher Education 


ELECTRIC MACHINERY FUNDAMENTALS, FOURTH EDITION 


Published by McGraw-Hill, a business unit of The McGraw-Hill Companies, Inc., 1221 Avenue of 
the Americas, New York, NY 10020. Copyright © 2005, 1999, 1991, 1985 by The McGraw-Hill 
Companies, Inc. All rights reserved. No part of this publication may be reproduced or distributed in 
any form or by any means, or stored in a database or retrieval system, without the prior written con- 
sent of The McGraw-Hill Companies, Inc., including, but not limited to, in any network or other 
electronic storage or transmission, or broadcast for distance learning. 


Some ancillaries, including electronic and print components, may not be available to customers out- 
side the United States. 


This book is printed on acid-free paper. 
1234567890 DOC/DOC 09876543 
ISBN 0-07-246523-9 


Publisher: Elizabeth A. Jones 

Senior sponsoring editor: Carlise Paulson 
Managing developmental editor: Emily J. Lupash 
Marketing manager: Dawn R. Bercier 

Senior project manager: Sheila M. Frank 

Senior production supervisor: Laura Fuller 
Senior media project manager: Tammy Juran 
Senior designer: David W. Hash 

Lead photo research coordinator: Carrie K. Burger 
Compositor: GAC—Indianapolis 

Typeface: /0/12 Times Roman 

Printer: R. R. Donnelley Crawfordsville, IN 


Library of Congress Cataloging-in-Publication Data 


Chapman, Stephen J. 
Electric machinery fundamentals / Stephen Chapman. — 4th ed. 
p. cm. 
Includes index. 
ISBN 0-07-246523-9 
1. Electric machinery. I. Title. 


TK2000.C46 2005 
621.31°042—dce22 2003065 174 
CIP 


www.mbhe.com 


THIS WORK IS DEDICATED WITH LOVE TO 
MY MOTHER, LOUISE G. CHAPMAN, 

ON THE OCCASION 

OF HER EIGHTY-FIFTH BIRTHDAY. 


ABOUT THE AUTHOR 


Stephen J. Chapman received a B.S. in Electrical Engineering from Louisiana 
State University (1975) and an M.S.E. in Electrical Engineering from the Univer- 
sity of Central Florida (1979), and pursued further graduate studies at Rice 
University. 

From 1975 to 1980, he served as an officer in the U.S. Navy, assigned to 
teach electrical engineering at the U.S. Naval Nuclear Power School in Orlando, 
Florida. From 1980 to 1982, he was affiliated with the University of Houston, 
where he ran the power systems program in the College of Technology. 

From 1982 to 1988 and from 1991 to 1995, he served as a member of the 
technical staff of the Massachusetts Institute of Technology’s Lincoln Laboratory, 
both at the main facility in Lexington, Massachusetts, and at the field site on Kwa- 
jalein Atoll in the Republic of the Marshall Islands. While there, he did research 
in radar signal processing systems. He ultimately became the leader of four large 
operational range instrumentation radars at the Kwajalein field site (TRADEX, 
ALTAIR, ALCOR, and MMW). 

From 1988 to 1991, Mr. Chapman was a research engineer in Shell Devel- 
opment Company in Houston, Texas, where he did seismic signal processing re- 
search. He was also affiliated with the University of Houston, where he continued 
to teach on a part-time basis. 

Mr. Chapman is currently manager of systems modeling and operational 
analysis for BAE SYSTEMS Australia, in Melbourne. 

Mr. Chapman is a senior member of the Institute of Electrical and Elec- 
tronic Engineers (and several of its component societies). He is also a member of 
the Association for Computing Machinery and the Institution of Engineers 
(Australia). 


vil 


Chapter 
Chapter 
Chapter 
Chapter 
Chapter 
Chapter 
Chapter 
Chapter 


Chapter 


8 


9 


Chapter 10 


Appendix A 


Appendix B 


Appendix C 


Appendix D 


BRIEF CONTENTS 


Introduction to Machinery Principles 
Transformers 
Introduction to Power Electronics 
AC Machinery Fundamentals 
Synchronous Generators 
Synchronous Motors 
Induction Motors 
DC Machinery Fundamentals 
DC Motors and Generators 
Single-Phase and Special-Purpose Motors 
Three-Phase Circuits 
Coil Pitch and Distributed Windings 
Salient-Pole Theory of Synchronous Machines 


Tables of Constants and Conversion Factors 


633 


ix 


Chapter 1 


1.1 
12 


1.3 


14 


15 


1.6 
1.7 
1.8 


1.9 


1.10 


TABLE OF CONTENTS 


Introduction to Machinery Principles 


Electrical Machines, Transformers, and Daily Life 

A Note on Units and Notation 

Notation 

Rotational Motion, Newton’s Law, and Power Relationships 
Angular Position @ / Angular Velocity w / Angular 
Acceleration a / Torque + / Newton's Law of Rotation / 
Work W Power P 

The Magnetic Field 

Production of a Magnetic Field / Magnetic Circuits / 
Magnetic Behavior of Ferromagnetic Materials / Energy 
Losses in a Ferromagnetic Core 

Faraday’s Law—lInduced Voltage from a Time-Changing 
Magnetic Field 

Production of Induced Force on a Wire 

Induced Voltage on a Conductor Moving in a Magnetic Field 
The Linear DC Machine—A Simple Example 

Starting the Linear DC Machine / The Linear DC 
Machine as a Motor / The Linear DC Machine as a 
Generator / Starting Problems with the Linear Machine 
Real, Reactive, and Apparent Power in AC Circuits 
Alternative Forms of the Power Equations / Complex 
Power / The Relationships between Impedance Angle, 
Current Angle, and Power / The Power Triangle 
Summary 

Questions 

Problems 

References 


(NS fut | te 


Nand 


ESP-aiey 
nN 


xii TABLE OF CONTENTS 


Chapter 2 


2.1 
oe 
2.3 


2.4 


2.5 


2.6 
2.7 


2.8 
2.9 


2.10 


2.11 


2.12 


2.13 
2.14 


Transformers 


Why Transformers Are Important to Modern Life 
Types and Construction of Transformers 

The Ideal Transformer 

Power in an Ideal Transformer / Impedance 
Transformation through a Transformer / Analysis of 
Circuits Containing Ideal Transformers 


Theory of Operation of Real Single-Phase Transformers 
The Voltage Ratio across a Transformer / The 
Magnetization Current in a Real Transformer / The 
Current Ratio on a Transformer and the Dot Convention 
The Equivalent Circuit of a Transformer 

The Exact Equivalent Circuit of a Real Transformer / 
Approximate Equivalent Circuits of a Transformer / 
Determining the Values of Components in the Transformer 
Model 

The Per-Unit System of Measurements 

Transformer Voltage Regulation and Efficiency 

The Transformer Phasor Diagram / Transformer Efficiency 
Transformer Taps and Voltage Regulation 

The Autotransformer 


Voltage and Current Relationships in an Autotransformer / 


The Apparent Power Rating Advantage of Autotransformers / 


The Internal Impedance of an Autotransformer 
Three-Phase Transformers 

Three-Phase Transformer Connections / The Per-Unit 
System for Three-Phase Transformers 

Three-Phase Transformation Using Two Transformers 
The Open-A (or V-V) Connection / The Open-Wye-Open- 
Delta Connection / The Scott-T Connection / The Three- 
Phase T Connection 

Transformer Ratings and Related Problems 

The Voltage and Frequency Ratings of a Transformer / 
The Apparent Power Rating of a Transformer / The 
Problem of Current Inrush / The Transformer Nameplate 
Instrument Transformers 

Summary 

Questions 

Problems 

References 


Chapter 3 
3.1 


3.2 


3.3 


3.4 


3.5 


3.6 


3.7 


3.8 
3.9 


Chapter 4 
4,1 


TABLE OF CONTENTS 


Introduction to Power Electronics 


Power Electronic Components 

The Diode / The Two-Wire Thyristor or PNPN Diode / The 
Three-Wire Thyristor of SCR / The Gate Turnoff Thyristor / 
The DIAC / The TRIAC / The Power Transistor / The 
Insulated-Gate Bipolar Transistor / Power and Speed 
Comparison of Power Electronic Components 

Basic Rectifier Circuits 

The Half-Wave Rectifier / The Full-Wave Rectifier / The 
Three-Phase Half-Wave Rectifier / The Three-Phase Full- 
Wave Rectifier / Filtering Rectifier Output 

Pulse Circuits 

A Relaxation Oscillator Using a PNPN Diode / Pulse 
Synchronization 

Voltage Variation by AC Phase Control 

AC Phase Control for a DC Load Driven from an AC 
Source / AC Phase Angle Control for an AC Load / The 
Effect of Inductive Loads on Phase Angle Control 
DC-to-DC Power Control—Choppers 

Forced Commutation in Chopper Circuits / Series- 
Capacitor Commutation Circutts / Parallel-Capacitor 
Commutation Circuits 

Inverters 

The Rectifier / External Commutation Inverters / Self- 
Commutation Inverters / A Single-Phase Current Source 
Inverter / A Three-Phase Current Source Inverter / 

A Three-Phase Voltage Source Inverter / Pulse-Width 
Modulation Inverters 

Cycloconverters 

Basic Concepts / Noncirculating Current 
Cycloconverters / Circulating Current Cycloconverters 
Harmonic Problems 

Summary 

Questions 

Problems 

References 


AC Machinery Fundamentals 


A Simple Loop in a Uniform Magnetic Field 


The Voltage Induced in a Simple Rotating Loop / The 
Torque Induced in a Current-Carrying Loop 


xiii 


— 
i) 


te 
Lore) 


xiv TABLE OF CONTENTS 


4.2 The Rotating Magnetic Field 238 
Proof of the Rotating Magnetic Field Concept / The 
Relationship between Electrical Frequency and the Speed 
of Magnetic Field Rotation / Reversing the Direction of 


Magnetic Field Rotation 
4.3 Magnetomotive Force and Flux Distributionon AC Machines 246 
4.4 Induced Voltage in AC Machines 250 


The Induced Voltage in a Coil on a Two-Pole Stator / The 
Induced Voltage in a Three-Phase Set of Coils / The RMS 
Voltage in a Three-Phase Stator 


4.5 Induced Torque in an AC Machine 255 
4.6 Winding Insulation in an AC Machine 258 
4.7 AC Machine Power Flows and Losses 261 
The Losses in AC Machines / The Power-Flow Diagram 
4.8 Voltage Regulation and Speed Regulation 262 
4.9 Summary 264 
Questions 265 
Problems 265 
References 266 
Chapter 5 Synchronous Generators 267 
§.1 Synchronous Generator Construction 267 
5.2 The Speed of Rotation of a Synchronous Generator ote 
5.3. The Internal Generated Voltage of a Synchronous Generator 273 
5.4 The Equivalent Circuit of a Synchronous Generator 274 
5.5 The Phasor Diagram of a Synchronous Generator 279 
5.6 Power and Torque in Synchronous Generators 280 
5.7. Measuring Synchronous Generator Model Parameters 283 
The Short-Circuit Ratio 
5.8 The Synchronous Generator Operating Alone 288 


The Effect of Load Changes on Synchronous Generator 
Operating Alone / Example Problems 


5.9 Parallel Operation of AC Generators 299 


The Conditions Required for Paralleling / The General 
Procedure for Paralleling Generators / Frequency—-Power 
and Voltage-Reactive Power Characteristics of a Synchronous 
Generator / Operation of Generators in Parallel with Large 
Power Systems / Operation of Generators in Parallel with 
Other Generators of the Same Size 


ee) 
— 
oO 


5.10 Synchronous Generator Transients 


Transient Stability of Synchronous Generators / 
Short-Circuit Transients in Synchronous Generators 


TABLE OF CONTENTS X¥ 


5.11 Synchronous Generator Ratings 326 
The Voltage, Speed, and Frequency Ratings / Apparent 
Power and Power-Factor Ratings / Synchronous 
Generator Capability Curves / Short-Time Operation and 
Service Factor 
5.12 Summary 336 
Questions 337 
Problems 338 
References 345 
Chapter 6 Synchronous Motors 346 
6.1 Basic Principles of Motor Operation 346 


The Equivalent Circuit of a Synchronous Motor / The 
Synchronous Motor from a Magnetic Field Perspective 
6.2 Steady-State Synchronous Motor Operation 350 
The Synchronous Motor Torque-Speed Characteristic Curve / 
The Effect of Load Changes on a Synchronous Motor / The 
Effect of Field Changes on a Synchronous Motor / The 
Synchronous Motor and Power-Factor Correction / 
The Synchronous Capacitor or Synchronous Condenser 


6.3 Starting Synchronous Motors 364 
Motor Starting by Reduced Electrical Frequency / Motor 
Starting with an External Prime Mover / Motor Starting 
by Using Amortisseur Windings / The Effect of 
Amortisseur Windings on Motor Stability 
6.4 Synchronous Generators and Synchronous Motors 371 
6.5 Synchronous Motor Ratings 372 
6.6 Summary 373 
Questions 374 
Problems 374 
References 379 
Chapter 7 Induction Motors 380 
7.1 Induction Motor Construction 380 
7.2 Basic Induction Motor Concepts 384 


The Development of Induced Torque in an Induction 
Motor / The Concept of Rotor Slip / The Electrical 
Frequency on the Rotor 
7.3 The Equivalent Circuit of an Induction Motor 388 
The Transformer Model of an Induction Motor / The Rotor 
Circuit Model / The Final Equivalent Circuit 


XVi_ TABLE OF CONTENTS 


7.4 


7.5 


7.6 


7.7 
7.8 


7.9 


7.10 


7.11 


Chapter 8 
8.1 


Power and Torque in Induction Motors 

Losses and the Power-Flow Diagram / Power and Torque 
in an Induction Motor / Separating the Rotor Copper 
Losses and the Power Converted in an Induction Motor’s 
Equivalent Circuit 

Induction Motor Torque—S peed Characteristics 

Induced Torque from a Physical Standpoint / The Derivation 
of the Induction Motor Induced-Torque Equation / 
Comments on the Induction Motor Torque-Speed Curve / 
Maximum (Pullout) Torque in an Induction Motor 
Variations in Induction Motor Torque—-Speed Characteristics 
Control of Motor Characteristics by Cage Rotor Design / 
Deep-Bar and Double-Cage Rotor Designs / Induction 
Motor Design Classes 

Trends in Induction Motor Design 

Starting Induction Motors 

Induction Motor Starting Circuits 

Speed Control of Induction Motors 

Induction Motor Speed Control by Pele Changing / Speed 
Control by Changing the Line Frequency / Speed Control 
by Changing the Line Voltage / Speed Control by 
Changing the Rotor Resistance 

Solid-State Induction Motor Drives 

Frequency (Speed) Adjustment / A Choice of Voltage and 
Frequency Patterns / Independently Adjustable 
Acceleration and Deceleration Ramps / Motor Protection 
Determining Circuit Model Parameters 

The No-Load Test / The DC Test for Stator Resistance / 
The Locked-Rotor Test 

The Induction Generator 

The Induction Generator Operating Alone / Induction 
Generator Applications 

Induction Motor Ratings 

Summary 

Questions 

Problems 

References 


DC Machinery Fundamentals 
A Simple Rotating Loop between Curved Pole Faces 


452 


460 


8.2 
8.3 


8.4 


8.5 


8.6 


8.7 


8.8 


Chapter 9 


9.1 
9.2 
9.3 
9.4 


9.5 
9.6 


9.7 


TABLE OF CONTENTS 


The Voltage Induced in a Rotating Loop / Getting DC 
Voltage out of the Rotating Loop / The Induced Torque in 
the Rotating Loop 

Commutation in a Simple Four-Loop DC Machine 
Commutation and Armature Construction in Real 

DC Machines 

The Rotor Coils / Connections to the Commutator 
Segments / The Lap Winding / The Wave Winding / The 
Frog-Leg Winding 

Problems with Commutation in Real Machines 
Armature Reaction / L di/dt Voltages / Solutions to the 
Problems with Commutation 

The Internal Generated Voltage and Induced Torque 
Equations of Real DC Machines 

The Construction of DC Machines 

Pole and Frame Construction / Rotor or Armature 
Construction / Commutator and Brushes / Winding 
Insulation 


Power Flow and Losses in DC Machines 

The Losses in DC Machines / The Power-Flow Diagram 
Summary 

Questions 

Problems 

References 


DC Motors and Generators 


Introduction to DC Motors 

The Equivalent Circuit of a DC Motor 

The Magnetization Curve of a DC Machine 

Separately Excited and Shunt DC Motors 

The Terminal Characteristic of a Shunt DC Motor / 
Nonlinear Analysis of a Shunt DC Motor / Speed Control 
of Shunt DC Motors / The Effect of an Open Field Circuit 
The Permanent-Magnet DC Motor 

The Series DC Motor 

Induced Torque in a Series DC Motor / The Terminal 
Characteristic of a Series DC Motor / Speed Control of 
Series DC Motors 

The Compounded DC Motor 


The Torque—Speed Characteristic of a Cumulatively 
Compounded DC Motor / The Torque-Speed 


xvii 


485 


490 


502 


XVili TABLE OF CONTENTS 


9.8 


9.9 


9.10 
9.11 
9.12 


9.13 


9.14 


9.15 


9.16 


9.17 


Chapter 10 
10.1 


Characteristic of a Differentially Compounded DC Motor / 
The Nonlinear Analysis of Compounded DC Motors / 
Speed Control in the Cumulatively Compounded DC Motor 
DC Motor Starters 


DC Motor Problems on Starting / DC Motor Starting 
Circuits 


The Ward-Leonard System and Solid-State Speed Controllers 


Protection Circuit Section / Start/Stop Circuit Section / 
High-Power Electronics Section / Low-Power Electronics 
Section 

DC Motor Efficiency Calculations 

Introduction to DC Generators 

The Separately Excited Generator 

The Terminal Characteristic of a Separately Excited DC 
Generator / Control of Terminal Voltage / Nonlinear 
Analysis of a Separately Excited DC Generator 

The Shunt DC Generator 

Voltage Buildup in a Shunt Generator / The Terminal 
Characteristic of a Shunt DC Generator / Voltage Control 
fora Shunt DC Generator / The Analysis of Shunt DC 
Generators 

The Series DC Generator 

The Terminal Characteristic of a Series Generator 

The Cumulatively Compounded DC Generator 

The Terminal Characteristic of a Cumulatively 
Compounded DC Generator / Voltage Control of 
Cumulatively Compounded DC Generators / Analysis of 
Cumulatively Compounded DC Generators 

The Differentially Compounded DC Generator 

The Terminal Characteristic of a Differentially 
Compounded DC Generator / Voltage Control of 
Differentially Compounded DC Generators / Graphical 
Analysis of a Differentially Compounded DC Generator 
Summary 

Questions 

Problems 

References 


Single-Phase and Special-Purpose Motors 


The Universal Motor 


Applications of Universal Motors / Speed Control of 
Universal Motors 


582 


592 
594 
596 


602 


615 


TABLE OF CONTENTS XiX 


10.2 Introduction to Single-Phase Induction Motors 637 
The Double-Revolving-Field Theory of Single-Phase 
Induction Motors / The Cross-Field Theory of Single- 
Phase Induction Motors 
10.3. Starting Single-Phase Induction Motors 646 
Split-Phase Windings / Capacitor-Start Motors / 
Permanent Split-Capacitor and Capacitor-Start, 
Capacitor-Run Motors / Shaded-Pole Motors / 
Comparison of Single-Phase Induction Motors 
10.4 Speed Control of Single-Phase Induction Motors 656 
10.5 The Circuit Model of a Single-Phase Induction Motor 658 
Circuit Analysts with the Single-Phase Induction Motor 
Equivalent Circuit 
10.6 Other Types of Motors 665 
Reluctance Motors / Hysteresis Motors / 
Stepper Motors / Brushless DC Motors 


10.7. Summary 677 

Questions 678 

Problems 679 

References 680 

Appendix A Three-Phase Circuits 681 
A.1 Generation of Three-Phase Voltages and Currents 681 

A.2 Voltages and Currents in a Three-Phase Circuit 685 


Voltages and Currents in the We (Y) Connection / 
Voltages and Currents in the Delta (A) Connection 


A.3__ Power Relationships in Three-Phase Circuits 690 


Three-Phase Power Equations Involving Phase Quantities / 
Three-Phase Power Equations Involving Line Quantities 


AA Analysis of Balanced Three-Phase Systems 693 

A.5  One-Line Diagrams 700 

A.6 Using the Power Triangle 700 

Questions 703 

Problems 704 

References 706 

Appendix B_ Coil Pitch and Distributed Windings 707 
B.1 The Effect of Coil Pitch on AC Machines 707 


The Pitch of a Coil / The Induced Voltage of a Fractional- 
Pitch Coil / Harmonic Problems and Fractional-Pitch 
Windings 


XX TABLE OF CONTENTS 


B.2 


B3 


Appendix C 


C.1 


C.2 


Appendix D 


Distributed Windings in AC Machines 


The Breadth or Distribution Factor / The Generated 
Voltage Including Distribution Effects / Tooth or Slot 
Harmonics 


Summary 


Questions 
Problems 
References 


Salient-Pole Theory of 
Synchronous Machines 
Development of the Equivalent Circuit of 


a Salient-Pole Synchronous Generator 
Torque and Power Equations of Salient-Pole Machine 


Problems 


Tables of Constants and Conversion Factors 


PREFACE 


[ the years since the first edition of Electric Machinery Fundamentals was 
published, there has been rapid advance in the development of larger and more 
sophisticated solid-state motor drive packages. The first edition of this book stated 
that de motors were the method of choice for demanding variable-speed applica- 
tions. That statement is no longer true today. Now, the system of choice for speed 
control applications is most often an ac induction motor with a solid-state motor 
drive. DC motors have been largely relegated to special-purpose applications 
where a dc power source is readily available, such as in automotive electrical 
systems. 

The third edition of the book was extensively restructured to reflect these 
changes. The material on ac motors and generators is now covered in Chapters 4 
through 7, before the material on de machines. In addition, the dc machinery cov- 
erage was reduced compared to earlier editions. The fourth edition continues with 
this same basic structure. 

Chapter | provides an introduction to basic machinery concepts, and con- 
cludes by applying those concepts to a linear dc machine, which is the simplest 
possible example of a machine. Chapter 2 covers transformers, and Chapter 3 is 
an introduction to solid-state power electronic circuits. The material in Chapter 3 
is Optional, but it supports ac and de motor control discussions in Chapters 7, 9, 
and 10, 

After Chapter 3, an instructor may choose to teach either de or ac machin- 
ery first. Chapters 4 through 9 cover ac machinery, and Chapters 8 and 9 cover de 
machinery. These chapter sequences have been made completely independent of 
each other, so that instructors can cover the material in the order that best suits 
their needs. For example, a one-semester course with a primary concentration in 
ac machinery might consist of parts of Chapters 1 to 7, with any remaining time 
devoted to dc machinery. A one-semester course with a primary concentration in 
dc machinery might consist of parts of Chapters 1, 3, 8, and 9, with any remain- 
ing time devoted to ac machinery. Chapter 10 is devoted to single-phase and 
special-purpose motors, such as universal motors, stepper motors, brushless dc 
motors, and shaded-pole motors. 
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XXil PREFACE 


The homework problems and the ends of chapters have been revised and 
corrected, and more than 70 percent of the problems are either new or modified 
since the last edition. 

In recent years, there have been major changes in the methods used to teach 
machinery to electrical engineering and electrical technology students. Excellent 
analytical tools such as MATLAB have become widely available in university en- 
gineering curricula. These tools make very complex calculations simple to per- 
form, and allow students to explore the behavior of problems interactively. This 
edition of Electric Machinery Fundamentals makes selected use of MATLAB to 
enhance a student’s learning experience where appropriate. For example, students 
use MATLAB in Chapter 7 to calculate the torque—speed characteristics of induc- 
tion motors and to explore the properties of double-cage induction motors. 

This text does not teach MATLAB; it assumes that the student is familiar 
with it through previous work. Also, the book does not depend on a student hav- 
ing MATLAB. MATLAB provides an enhancement to the learning experience if 
it is available, but if it is not, the examples involving MATLAB can simply be 
skipped, and the remainder of the text still makes sense. 

Supplemental materials supporting the book are available from the book’s 
website, at www.mhhe.com/engcs/electrical/chapman. The materials available at 
that address include MATLAB source code, pointers to sites of interest to ma- 
chinery students, a list of errata in the text, some supplemental topics that are not 
covered in the main text, and supplemental MATLAB tools. 

This book would never have been possible without the help of dozens of 
people over the past 18 years. I am not able to acknowledge them all here, but I 
would especially like to thank Charles P. LeMone, Teruo Nakawaga, and Tadeo 
Mose of Toshiba International Corporation for their invaluable help with the 
solid-state machinery control material in Chapter 3. I would also like to thank 
Jeffrey Kostecki, Jim Wright, and others at Marathon Electric Company for sup- 
plying measured data from some of the real generators that the company builds. 
Their material has enhanced this revision. 

Finally, I would like to thank my wife Rosa and our children Avi, David, 
Rachel. Aaron, Sarah, Naomi, Shira, and Devorah for their forbearance during the 
revision process. I couldn’t imagine a better incentive to write! 


Stephen J. Chapman 
Melbourne, Victoria, Australia 


CHAPTER 


INTRODUCTION 
TO MACHINERY 
PRINCIPLES 


1.1 ELECTRICAL MACHINES, 
TRANSFORMERS, AND DAILY LIFE 


An electrical machine is a device that can convert either mechanical energy to 
electrical energy or electrical energy to mechanical energy. When such a device is 
used to convert mechanical energy to electrical energy, it is called a generator. 
When it converts electrical energy to mechanical energy, it is called a motor. Since 
any given electrical machine can convert power in either direction, any machine 
can be used as either a generator or a motor. Almost all practical motors and gen- 
erators convert energy from one form to another through the action of a magnetic 
field, and only machines using magnetic fields to perform such conversions are 
considered in this book. 

The transformer is an electrical device that is closely related to electrical 
machines. It converts ac electrical energy at one voltage level to ac electrical en- 
ergy at another voltage level. Since transformers operate on the same principles as 
generators and motors, depending on the action of a magnetic field to accomplish 
the change in voltage level, they are usually studied together with generators and 
motors. 

These three types of electric devices are ubiquitous in modern daily life. 
Electric motors in the home run refrigerators, freezers, vacuum cleaners, blenders, 
air conditioners, fans, and many similar appliances. In the workplace, motors pro- 
vide the motive power for almost all tools. Of course, generators are necessary to 
supply the power used by all these motors. 


2 ELECTRIC MACHINERY FUNDAMENTALS 


Why are electric motors and generators so common? The answer is very 
simple: Electric power is a clean and efficient energy source that is easy to trans- 
mit over long distances, and easy to control. An electric motor does not require 
constant ventilation and fuel the way that an internal-combustion engine does, so 
the motor is very well suited for use in environments where the pollutants associ- 
ated with combustion are not desirable. Instead, heat or mechanical energy can be 
converted to electrical form at a distant location, the energy can be transmitted 
over long distances to the place where it is to be used, and it can be used cleanly 
in any home, office, or factory. Transformers aid this process by reducing the en- 
ergy loss between the point of electric power generation and the point of its use. 


1.22 ANOTE ON UNITS AND NOTATION 


The design and study of electric machines and power systems are among the old- 
est areas of electrical engineering. Study began in the latter part of the nineteenth 
century. At that time, electrical units were being standardized internationally, and 
these units came to be universally used by engineers. Volts, amperes, ohms, watts, 
and similar units, which are part of the metric system of units, have long been 
used to describe electrical quantities in machines. 

In English-speaking countries, though, mechanical quantities had long been 
measured with the English system of units (inches, feet, pounds, etc.). This prac- 
tice was followed in the study of machines. Therefore, for many years the electri- 
cal and mechanical quantities of machines have been measured with different sys- 
tems of units. 

In 1954, a comprehensive system of units based on the metric system was 
adopted as an international standard. This system of units became known as the 
Systéme International (SI) and has been adopted throughout most of the world. 
The United States is practically the sole holdout—even Britain and Canada have 
switched over to SI. 

The SI units will inevitably become standard in the United States as time 
goes by, and professional societies such as the Institute of Electrical and Elec- 
tronics Engineers (IEEE) have standardized on metric units for all work. How- 
ever, many people have grown up using English units, and this system will remain 
in daily use for a long time. Engineering students and working engineers in the 
United States today must be familiar with both sets of units, since they will en- 
counter both throughout their professional lives. Therefore, this book includes 
problems and examples using both SI and English units. The emphasis in the ex- 
amples is on SI units, but the older system is not entirely neglected. 


Notation 


In this book, vectors, electrical phasors, and other complex values are shown in 
bold face (e.g., F), while scalars are shown in italic face (e.g., R). In addition, a 
special font is used to represent magnetic quantities such as magnetomotive force 


(e.g., F). 


INTRODUCTION TO MACHINERY PRINCIPLES 3 


13 ROTATIONAL MOTION, NEWTON’S 
LAW, AND POWER RELATIONSHIPS 


Almost all electric machines rotate about an axis, called the shaft of the machine. 
Because of the rotational nature of machinery, it is important to have a basic un- 
derstanding of rotational motion. This section contains a brief review of the con- 
cepts of distance, velocity, acceleration, Newton’s law, and power as they apply to 
rotating machinery. For a more detailed discussion of the concepts of rotational 
dynamics, see References 2, 4, and 5. 

In general, a three-dimensional vector is required to completely describe the 
rotation of an object in space. However, machines normally turn on a fixed shaft, 
so their rotation is restricted to one angular dimension. Relative to a given end of 
the machine’s shaft, the direction of rotation can be described as either clockwise 
(CW) or counterclockwise (CCW). For the purpose of this volume, a counter- 
clockwise angle of rotation is assumed to be positive, and a clockwise one is as- 
sumed to be negative. For rotation about a fixed shaft, all the concepts in this sec- 
tion reduce to scalars. 

Each major concept of rotational motion is defined below and is related to 
the corresponding idea from linear motion. 


Angular Position @ 


The angular position @ of an object is the angle at which it is oriented, measured 
from some arbitrary reference point. Angular position is usually measured in 
radians or degrees. It corresponds to the linear concept of distance along a line. 


Angular Velocity w 


Angular velocity (or speed) is the rate of change in angular position with respect 
to time. It is assumed positive if the rotation is in a counterclockwise direction. 
Angular velocity is the rotational analog of the concept of velocity on a line. One- 
dimensional linear velocity along a line is defined as the rate of change of the dis- 
placement along the line (7) with respect to time 


_a 
i=— (1-1) 


Similarly, angular velocity @ is defined as the rate of change of the angular dis- 
placement 6 with respect to time. 


= 40 


o= (1-2) 


If the units of angular position are radians, then angular velocity is measured in ra- 
dians per second. 

In dealing with ordinary electric machines, engineers often use units other 
than radians per second to describe shaft speed. Frequently, the speed is given in 
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revolutions per second or revolutions per minute. Because speed is such an im- 
portant quantity in the study of machines, it is customary to use different symbols 
for speed when it is expressed in different units. By using these different symbols, 
any possible confusion as to the units intended is minimized. The following sym- 
bols are used in this book to describe angular velocity: 


Wyn angular velocity expressed in radians per second 
a. angular velocity expressed in revolutions per second 
Nn angular velocity expressed in revolutions per minute 


The subscript m on these symbols indicates a mechanical quantity, as opposed to 
an electrical quantity. If there is no possibility of confusion between mechanical 
and electrical quantities, the subscript is often left out. 

These measures of shaft speed are related to each other by the following 
equations: 


Ny = 60f, (1—-3a) 
fu @ oe (1-3b) 


Angular Acceleration @ 


Angular acceleration is the rate of change in angular velocity with respect to time. 
It is assumed positive if the angular velocity is increasing in an algebraic sense. 
Angular acceleration is the rotational analog of the concept of acceleration ona 
line. Just as one-dimensional linear acceleration is defined by the equation 


dv 


a= ar (1-4) 
angular acceleration is defined by 
— dw me 
a=" (1-5) 


If the units of angular velocity are radians per second, then angular acceleration is 
measured in radians per second squared. 


Torque 7 


In linear motion, a force applied to an object causes its velocity to change. In the 
absence of a net force on the object, its velocity is constant. The greater the force 
applied to the object, the more rapidly its velocity changes. 

There exists a similar concept for rotation. When an object is rotating, its 
angular velocily is constant unless a torque is present on il. The greater the torque 
on the object. the more rapidly the angular velocity of the object changes. 

What is torque? It can loosely be called the “twisting force” on an object. 
Intuitively, torque is fairly easy to understand. Imagine a cylinder that is free to 
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T 


T=0 Torque is counterclockwise 


Torque is zero 


(a) (b) 


FIGURE 1-1 
(a) A force applied to a cylinder so that it passes through the axis of rotation. t = 0. (b) A force 
applied to a cylinder so that its line of action misses the axis of rotation. Here t is counterclockwise. 


rotate about its axis. If a force is applied to the cylinder in such a way that its line 
of action passes through the axis (Figure 1—la), then the cylinder will not rotate. 
However, if the same force is placed so that its line of action passes to the right of 
the axis (Figure 1—-1b), then the cylinder will tend to rotate in a counterclockwise 
direction. The torque or twisting action on the cylinder depends on (1) the magni- 
tude of the applied force and (2) the distance between the axis of rotation and the 
line of action of the force. 

The torque on an object is defined as the product of the force applied to the 
object and the smallest distance between the line of action of the force and the ob- 
ject’s axis of rotation. If ris a vector pointing from the axis of rotation to the point 
of application of the force, and if F is the applied force, then the torque can be de- 
scribed as 


7 = (force applied) perpendicular distance) 


= (F)(rsin @) 
= rF sin @ (1-6) 


where @ is the angle between the vector r and the vector F. The direction of the 
torque is clockwise if it would tend to cause a clockwise rotation and counter- 
clockwise if it would tend to cause a counterclockwise rotation (Figure 1-2). 

The units of torque are newton-meters in SI units and pound-feet in the Eng- 
lish system. 
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rsin(180° — @)=rsing 


= ndicular distance) (force 
ai ae seal ta FIGURE 1-2 


F ' Derivation of the equation for the torque 


Tv =(r sin @)F, counterclockwise ; 
on an object. 


Newton’s Law of Rotation 


Newton’s law for objects moving along a straight line describes the relationship 
between the force applied to an object and its resulting acceleration. This rela- 
tionship is given by the equation 


F=ra (1-7) 


where 
F = net force applied to an object 
m = mass of the object 
a = resulting acceleration 


In SI units, force is measured in newtons, mass in kilograms, and acceleration in 
meters per second squared. In the English system, force is measured in pounds, 
mass in slugs, and acceleration in feet per second squared. 

A similar equation describes the relationship between the torque applied to 
an object and its resulting angular acceleration. This relationship, called Newton's 
law of rotation, is given by the equation 


7T=Ja (1-8) 


where 7 is the net applied torque in newton-meters or pound-feet and a@ is the re- 
sulting angular acceleration in radians per second squared. The term J serves the 
same purpose as an object’s mass in linear motion. It is called the moment of 
inertia of the object and is measured in kilogram-meters squared or slug-feet 
squared. Calculation of the moment of inertia of an object is beyond the scope of 
this book. For information about it see Ref. 2. 
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Work W 


For linear motion, work is defined as the application of a force through a distance. 
In equation form, 


w= | Far (1-9) 


where it is assumed that the force is collinear with the direction of motion. For the 
special case of a constant force applied collinearly with the direction of motion, 
this equation becomes just 


W=Fr (1-10) 
The units of work are joules in SI and foot-pounds in the English system. 


For rotational motion, work is the application of a torque through an angle. 
Here the equation for work is 


w= | rd6 (1-1) 


and if the torque is constant, 


W = 70 (1-12) 


Power P 


Power is the rate of doing work, or the increase in work per unit time. The equa- 
tion for power is 


_ dW 


P= 


(1-13) 
It is usually measured in joules per second (watts), but also can be measured in 
foot-pounds per second or in horsepower. 

By this definition, and assuming that force is constant and collinear with the 
direction of motion, power is given by 


= WH 4 py = pF) 
P= wo a (Fr) = F (4) = Fv (1-14) 
Similarly, assuming constant torque, power in rotational motion is given by 
A 
Pea a T= (2) eee 
P=Tw (1-15) 


Equation (1-15) is very important in the study of electric machinery, because it 
can describe the mechanical power on the shaft of a motor or generator. 

Equation (1-15) is the correct relationship among power, torque, and speed if 
power is measured in watts, torque in newton-meters, and speed in radians per sec- 
ond. If other units are used to measure any of the above quantities, then a constant 
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must be introduced into the equation for unit conversion factors. It is still common 
in U.S. engineering practice to measure torque in pound-feet, speed in revolutions 
per minute, and power in either watts or horsepower. If the appropriate conversion 
factors are included in each term, then Equation (1-15) becomes 


_ 7 (lb-ft) ” (r/min) 
P (watts) = 704. (1-16) 
, _ 7 (lb-ft) n (r/min) 
P (horsepower) = $950. (1-17) 


where torque is measured in pound-feet and speed is measured in revolutions per 
minute. 


1.4 THE MAGNETIC FIELD 


As previously stated, magnetic fields are the fundamental mechanism by which en- 
ergy is converted from one form to another in motors, generators, and transform- 
ers. Four basic principles describe how magnetic fields are used in these devices: 


1. Acurrent-carrying wire produces a magnetic field in the area around it. 


2. Atime-changing magnetic field induces a voltage in a coil of wire if it passes 
through that coil. (This is the basis of transformer action.) 


3. A current-carrying wire in the presence of a magnetic field has a force in- 
duced on it. (This is the basis of motor action.) 


4. A moving wire in the presence of a magnetic field has a voltage induced in it. 
(This is the basis of generator action.) 


This section describes and elaborates on the production of a magnetic field by a 
current-carrying wire, while later sections of this chapter explain the remaining 
three principles. 


Production of a Magnetic Field 


The basic law governing the production of a magnetic field by a current is 
Ampere’s law: 


$ Hdl = Ie (1-18) 


where H is the magnetic field intensity produced by the current /,,,, and dl is a dif- 
ferential element of length along the path of integration. In SI units, / is measured 
in amperes and H is measured in ampere-turns per meter. To better understand the 
meaning of this equation, it is helpful to apply it to the simple example in Figure 
1-3. Figure 1-3 shows a rectangular core with a winding of N turns of wire 
wrapped about one leg of the core. If the core is composed of iron or certain other 
similar metals (collectively called ferromagnetic materials), essentially all the 
magnetic field produced by the current will remain inside the core, so the path of 
integration in Ampere’s law is the mean path length of the core /.. The current 
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Cross-sectional 
area A 


Mean path length /, 


FIGURE 1-3 
A simple magnetic core. 


passing within the path of integration /,,, is then Né, since the coil of wire cuts the 
path of integration N times while carrying current /. Ampere’s law thus becomes 


HI. = Ni (1-19) 


Here H is the magnitude of the magnetic field intensity vector H. Therefore, the 
magnitude of the magnetic field intensity in the core due to the applied current is 


H= x (1-20) 


The magnetic field intensity H is in a sense a measure of the “effort” that a 
current is putting into the establishment of a magnetic field. The strength of the 
magnetic field flux produced in the core also depends on the material of the core. 
The relationship between the magnetic field intensity H and the resulting mag- 
netic flux density B produced within a material is given by 


B = pH (1-21) 


where 
H = magnetic field intensity 
js = magnetic permeability of material 
B = resulting magnetic flux density produced 


The actual magnetic flux density produced in a piece of material is thus 
given by a product of two terms: 


H, representing the effort exerted by the current to establish a magnetic 
field 

i, representing the relative ease of establishing a magnetic field in a given 
material 
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The units of magnetic field intensity are ampere-turns per meter, the units of per- 
meability are henrys per meter, and the units of the resulting flux density are 
webers per square meter, known as teslas (T). 

The permeability of free space is called po, and its value is 


My = 4ar X 10-7 H/m (1-22) 


The permeability of any other material compared to the permeability of free space 
is called its relative permeability: 


_ ne 
by = Th (1-23) 


Relative permeability is a convenient way to compare the magnetizability of 
materials. For example, the steels used in modern machines have relative perme- 
abilities of 2000 to 6000 or even more. This means that, for a given amount of 
current, 2000 to 6000 times more flux is established in a piece of steel than ina 
corresponding area of air. (The permeability of air is essentially the same as the 
permeability of free space.) Obviously, the metals in a transformer or motor core 
play an extremely important part in increasing and concentrating the magnetic 
flux in the device. 

Also, because the permeability of iron is so much higher than that of air, the 
great majority of the flux in an iron core like that in Figure 1—3 remains inside the 
core instead of traveling through the surrounding air, which has much lower per- 
meability. The small leakage flux that does leave the iron core is very important 
in determining the flux linkages between coils and the self-inductances of coils in 
transformers and motors. 

In a core such as the one shown in Figure |—3, the magnitude of the flux 
density is given by 


B= pH =" (1-24) 
Now the total flux in a given area is given by 
=| Beas (1-25a) 
A 


where dA is the differential unit of area. If the flux density vector is perpendicu- 
lar to a plane of area A, and if the flux density is constant throughout the area, then 
this equation reduces to 


d= BA (1-25b) 
Thus, the total flux in the core in Figure 1-3 due to the current # in the wind- 

ing is 
HNi 
i. 


¢=BA= (1-26) 


where A is the cross-sectional area of the core. 
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, 
a|< 
SlqQ 


(a) (b) 


FIGURE 1-4 
(a) A simple electric circuit. (b) The magnetic circuit analog to a transformer core. 


Magnetic Circuits 


In Equation (1-26) we see that the current in a coil of wire wrapped around a core 
produces a magnetic flux in the core. This is in some sense analogous to a voltage 
in an electric circuit producing a current flow. It is possible to define a “magnetic 
circuit” whose behavior is governed by equations analogous to those for an elec- 
tric circuit. The magnetic circuit mode] of magnetic behavior is often used in the 
design of electric machines and transformers to simplify the otherwise quite com- 
plex design process. 

In a simple electric circuit such as the one shown in Figure 1—4a, the volt- 
age source V drives a current / around the circuit through a resistance R. The rela- 
tionship between these quantities is given by Ohm’s law: 


V=IR 


In the electric circuit, it is the voltage or electromotive force that drives the cur- 
rent flow. By analogy, the corresponding quantity in the magnetic circuit is called 
the magnetomotive force (mmf). The magnetomotive force of the magnetic circuit 
is equal to the effective current flow applied to the core, or 


F= Ni (1-27) 


where G is the symbol for magnetomotive force, measured in ampere-turns. 

Like the voltage source in the electric circuit, the magnetomotive force in 
the magnetic circuit has a polarity associated with it. The positive end of the mmf 
source is the end from which the flux exits, and the negative end of the mmf 
source is the end at which the flux reenters. The polarity of the mmf from a coil of 
wire can be determined from a modification of the right-hand rule: If the fingers 
of the right hand curl in the direction of the current flow in a coil of wire, then the 
thumb will point in the direction of the positive mmf (see Figure 1-5). 

In an electric circuit, the applied voltage causes a current J to flow. Simi- 
larly, in a magnetic circuit, the applied magnetomotive force causes flux ¢ to be 
produced. The relationship between voltage and current in an electric circuit is 
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FIGURE 1-5 
Determining the polarity of a magnetomotive force source in a magnetic circuit. 


Ohm’s law (V = JR): similarly, the relationship between magnetomotive force and 
flux is 


F=dbR (1-28) 


where 
F = magnetomotive force of circuit 
& = flux of circuit 
CR = reluctance of circuit 


The reluctance of a magnetic circuit is the counterpart of electrical resistance, and 
its units are ampere-turns per weber. 

There is also a magnetic analog of conductance. Just as the conductance of 
an electric circuit is the reciprocal of its resistance, the permeance © of a magnetic 
circuit is the reciprocal of its reluctance: 


tale = 
P= (1-29) 
The relationship between magnetomotive force and flux can thus be expressed as 


d= FP (1-30) 


Under some circumstances, it is easier to work with the permeance of a magnetic 
circuit than with its reluctance. 
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What is the reluctance of the core in Figure 1-3? The resulting flux in this 
core is given by Equation (1—26): 


te 
$= (44 (1-31) 


By comparing Equation (1-31) with Equation (1-28), we see that the reluctance 
of the core is 


l. 
pA 


Reluctances in a magnetic circuit obey the same rules as resistances in an electric 
circuit. The equivalent reluctance of a number of reluctances in series is just the 
sum of the individual reluctances: 


Reg = Ri +R. + Ry t+--- (1-33) 


R= (1-32) 


Similarly, reluctances in parallel combine according to the equation 


1 1 1 1 
—— =H 
a BR. % ®, 


Permeances in series and parallel obey the same rules as electrical conductances. 

Calculations of the flux in a core performed by using the magnetic circuit 
concepts are always approximations—atl best, they are accurate to within about 
5 percent of the real answer. There are a number of reasons for this inherent 
inaccuracy: 


>: (1-34) 


1. The magnetic circuit concept assumes that all flux is confined within a mag- 
netic core. Unfortunately, this is not quite true. The permeability of a ferro- 
magnetic core is 2000 to 6000 times that of air, but a small fraction of the flux 
escapes from the core into the surrounding low-permeability air. This flux 
outside the core is called leakage flux, and it plays a very important role in 
electric machine design. 


2. The calculation of reluctance assumes a certain mean path length and cross- 
sectional area for the core. These assumptions are not really very good, espe- 
cially at corners. 

3. In ferromagnetic materials, the permeability varies with the amount of flux 
already in the material. This nonlinear effect is described in detail. It adds yet 
another source of error to magnetic circuit analysis, since the reluctances used 
in magnetic circuit calculations depend on the permeability of the material. 
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FIGURE 1-6 

The fringing effect of a magnetic field at an air gap. Note 
the increased cross-sectional area of the air gap compared 
with the cross-sectional area of the metal. 


4. If there are air gaps in the flux path in a core, the effective cross-sectional 
area of the air gap will be larger than the cross-sectional area of the iron core 
on either side. The extra etfective area is caused by the “fringing effect” of 
the magnetic field at the air gap (Figure |-6). 


It is possible to partially offset these inherent sources of error by using a “cor- 
rected” or “effective” mean path length and the cross-sectional area instead of the 
actual physical length and area in the calculations. 

There are many inherent limitations to the concept of a magnetic circuit, but 
it is still the easiest design tool available for calculating fluxes in practical ma- 
chinery design. Exact calculations using Maxwell’s equations are just too diffi- 
cult, and they are not needed anyway, since satisfactory results may be achieved 
with this approximate method. 

The following examples illustrate basic magnetic circuit calculations. Note 
that in these examples the answers are given to three significant digits. 


Example 1-1. A ferromagnetic core is shown in Figure 1—7a. Three sides of this 
core are of uniform width, while the fourth side is somewhat thinner. The depth of the core 
(into the page) is 10 cm, and the other dimensions are shown in the figure. There is a 200- 
turn coil wrapped around the left side of the core. Assuming relative permeability yu, of 
2500, how much flux will be produced by a I-A input current? 


Solution 
We will solve this problem twice, once by hand and once by a MATLAB program, and 
show that both approaches yield the same answer. 

Three sides of the core have the same cross-sectional areas, while the fourth side has 
a different area. Thus, the core can be divided into two regions: (1) the single thinner side 
and (2) the other three sides taken together. The magnetic circuit corresponding to this core 
is shown in Figure 1—7b. 


INTRODUCTION TO MACHINERY PRINCIPLES 


| | | | 
nema SS <r 10 cm—+ 
| I | 

| I | 


15¢m 


30 cm 


15 cm 


Ry 


a=no(*) 


Ra 


(b) 


FIGURE 1-7 
(a) The ferromagnetic core of Example 1-1. (6) The magnetic circuit corresponding to (a). 


15 
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The mean path length of region 1 is 45 cm, and the cross-sectional area is 10 < 10 
cm = 100cm*. Therefore, the reluctance in the first region is 


ae ae 
HA, Ht, WoAy 


z= 0.45m 
(2500)(4ar X 1077)(0.01 m2) 


= 14,300 A « turns/Wb 


The mean path length of region 2 is 130 cm, and the cross-sectional area is 15 X 10 
cm = 150cm*. Therefore, the reluctance in the second region is 


hy h 
7 HA ‘ Hr poA2 
= 13m 
(2500)(42 X 107’)(0.015 m?) 
= 27,600 A « turns/Wb 
Therefore, the total reluctance in the core is 
Reg = Ry + Ry 

= 14,300 A« turns/Wb + 27,600 A « turns/Wb 
= 41,900 A « turns/Wb 

The total magnetomotive force is 
CF = Ni = (200 turns)(1.0 A) = 200 A « turns 


Q, = (1-32) 


Ro (1-32) 


The total flux in the core is given by 


_F__ _200A>tums 
Q 41,900 A « turns/ Wb 
= 0.0048 Wb 


This calculation can be performed by using a MATLAB script file, if desired. A sim- 
ple script to calculate the flux in the core is shown below. 


% M-file: exl_l.m 
% M-file to calculate the flux in Example 1-1. 


11 = 0.45; % Length of region 1 

12 = 1.3; % Length of region 2 

al = 0.01; % Area of region 1 

a2 = 0.015; % Area of region 2 

ur = 2500; % Relative permeability 

uO = 4*pi*1E-7; % Permeability of free space 
n = 200; % Number of turns on core 
i=l; % Current in amps 


%* Calculate the first reluctance 
rl = 11 / (ur * ud * al); 
disp ({'rl = ' num2str(r1)]); 


% Calculate the second reluctance 
r2 = 12 / (ur * uO * a2); 
disp (('r2 = ' num2str(r2)]); 
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% Calculate the total reluctance 
rtot = rl + r2; 


% Calculate the mmf 
mmf =n * i; 


% Finally, get the flux in the core 
flux = mmf / rtot; 


% Display result 
disp (({'Flux = ' num2str(flux)]); 


When this program is executed, the results are: 


» ex1_1 
rl = 14323.9449 
r2 = 27586.8568 


Flux = 0.004772 


This program produces the same answer as our hand calculations to the number of signifi- 
cant digits in the problem. 


Example 1-2. Figure 1—-8a shows a ferromagnetic core whose mean path length is 
40 cm. There is a small gap of 0.05 cm in the structure of the otherwise whole core. The 
cross-sectional area of the core is 12 cm?, the relative permeability of the core is 4000, and 
the coil of wire on the core has 400 turns. Assume that fringing in the air gap increases the 
effective cross-sectional area of the air gap by 5 percent. Given this information, find 
(a) the total reluctance of the flux path (iron plus air gap) and (b) the current required to 
produce a flux density of 0.5 T in the air gap. 


Solution 
The magnetic circuit corresponding to this core is shown in Figure 1-8b. 


(a) The reluctance of the core is 
Cae eee 
HA, UL, UA, 


= 0.4 m 
(4000)(4ar X 10-7)(0.002 m7?) 


= 66,300 A © turns/Wb 


The effective area of the air gap is 1.05 X 12 cm? = 12.6 cm?, so the reluctance of the air 
gap is 


R, (1-32) 


le 
Ba = oA, 
_ 0.0005 m 
(47 X 10-7)(0.00126 m?) 


= 316,000 A ¢ turns/Wb 


(1-32) 
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FIGURE 1-8 
(a) The ferromagnetic core of Example 1-2. (b) The magnetic circuit corresponding to (a). 


Therefore, the total reluctance of the flux path is 
Rag = Re + Re 
= 66,300 A* turns/Wb + 316,000 A « turns/Wb 
= 382,300 A * turns/Wb 


Note that the air gap contributes most of the reluctance even though it is 800 times shorter 
than the core. 


(b) Equation (1-28) states that 
F= GR (1-28) 
Since the flux @ = BA and Gf = Ni, this equation becomes 
Ni = BAR 
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so 
; — BAR 
N 
_ (0.5 T)(0.00126 m2)(383,200 A ¢ turns/ Wb) 
400 turns 
= 0.602 A 


Notice that, since the air-gap flux was required, the effective air-gap area was used in the 
above equation. 


Example 1-3. Figure 1-9a shows a simplified rotor and stator for a dc motor. The 
mean path length of the stator is 50 cm, and its cross-sectional area is 12 cm?. The mean 
path length of the rotor is 5 cm, and its cross-sectional area also may be assumed to be 
12 cm. Each air gap between the rotor and the stator is 0.05 cm wide, and the cross- 
sectional area of each air gap (including fringing) is 14 cm. The iron of the core has a rel- 
ative permeability of 2000, and there are 200 turns of wire on the core. If the current in the 
wire is adjusted to be 1 A, what will the resulting flux density in the air gaps be? 


Solution 
To determine the flux density in the air gap, it is necessary to first calculate the magneto- 
motive force applied to the core and the total reluctance of the flux path. With this infor- 
mation, the total flux in the core can be found. Finally, knowing the cross-sectional area of 
the air gaps enables the flux density to be calculated. 

The reluctance of the stator is 


L 
By BoA, 


Rs 


2 05m 
(2000)\42r X 10-7)(0.0012 m2) 


= 166,000 A « turns/Wb 
The reluctance of the rotor is 


° Hr WoA 


= 0.05 m 
(200047 X 107-7)(0.0012 m?) 
= 16,600 A « turns/Wb 
The reluctance of the air gaps is 
— Ia 
Pe HA, 


_ 0.0005 m 
(1) X 10-7)(0.0014 m2) 


= 284,000 A  turns/Wb 


The magnetic circuit corresponding to this machine is shown in Figure 1—9b. The total re- 
luctance of the flux path is thus 
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FIGURE 1-9 
(a) A simplified diagram of a rotor and stator for a de motor. (b) The magnetic circuit corresponding 
to (a). 


Reg = Ry, + Rar + R, + Rap 
= 166,000 + 284,000 + 16,600 + 284,000 A « turns/Wb 
= 751,000 A « turns/Wb 
The net magnetomotive force applied to the core is 
F = Ni = (200 turns)(1.0 A) = 200 A « turns 


Therefore, the total flux in the core is 
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go 2 SUA Sms 
CR =: 751,000 A « turns/ Wb 
= 0.00266 Wb 


Finally, the magnetic flux density in the motor’s air gap is 


Magnetic Behavior of Ferromagnetic Materials 


Earlier in this section, magnetic permeability was defined by the equation 
B = pH (1-21) 


It was explained that the permeability of ferromagnetic materials is very high, up 
to 6000 times the permeability of free space. In that discussion and in the examples 
that followed, the permeability was assumed to be constant regardless of the mag- 
netomotive force applied to the material. Although permeability is constant in free 
space, this most certainly is not true for iron and other ferromagnetic materials. 

To illustrate the behavior of magnetic permeability in a ferromagnetic ma- 
terial, apply a direct current to the core shown in Figure 1-3, starting with 0 A and 
slowly working up to the maximum permissible current. When the flux produced 
in the core is plotted versus the magnetomotive force producing it, the resulting 
plot looks like Figure 1—10a. This type of plot is called a saturation curve or a 
magnetization curve. At first, a small increase in the magnetomotive force pro- 
duces a huge increase in the resulting flux. After a certain point, though, further 
increases in the magnetomotive force produce relatively smaller increases in the 
flux. Finally, an increase in the magnetomotive force produces almost no change 
at all. The region of this figure in which the curve flattens out is called the satu- 
ration region, and the core is said to be saturated. In contrast, the region where the 
flux changes very rapidly is called the unsaturated region of the curve, and the 
core is said to be unsaturated. The transition region between the unsaturated re- 
gion and the saturated region is sometimes called the knee of the curve. Note that 
the flux produced in the core is linearly related to the applied magnetomotive 
force in the unsaturated region, and approaches a constant value regardless of 
magnetomotive force in the saturated region. 

Another closely related plot is shown in Figure 1—-10b. Figure !—-10b is a 
plot of magnetic flux density B versus magnetizing intensity H. From Equations 
(1-20) and (1-25b), 


pees 1-20 
a age 2 oi 
@=BA (1-25b) 


it is easy to see thal magnetizing intensity is directly proportional to magnetomotive 
force and magnetic flux density is directly proportional to flux for any given core. 
Therefore, the relationship between B and 7 has the same shape as the relationship 
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FIGURE 1-10 

(a) Sketch of a dc magnetization curve for a ferromagnetic core. (b) The magnetization curve 
expressed in terms of flux density and magnetizing intensity. (c) A detailed magnetization curve fora 
typical piece of steel. (d) A plot of relative permeability w, as a function of magnetizing intensity H 
for a typical piece of steel. 


#, (dimensionless) 
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Magnetizing intensity H (A * turns/m) 
(d) 


FIGURE 1-10 
(continued) 


between flux and magnetomotive force. The slope of the curve of flux density ver- 
sus magnetizing intensity at any value of H in Figure 1—10b is by definition the per- 
meability of the core at that magnetizing intensity. The curve shows that the perme- 
ability is large and relatively constant in the unsaturated region and then gradually 
drops to a very low value as the core becomes heavily saturated. 

Figure 1—10c is a magnetization curve for a typical piece of steel shown in 
more detail and with the magnetizing intensity on a logarithmic scale. Only with 
the magnetizing intensity shown logarithmically can the huge saturation region of 
the curve fit onto the graph. 

The advantage of using a ferromagnetic material for cores in electric ma- 
chines and transformers is that one gets many times more flux for a given magne- 
tomotive force with iron than with air. However, if the resulting flux has to be pro- 
portional, or nearly so, to the applied magnetomotive force, then the core must be 
operated in the unsaturated region of the magnetization curve. 

Since real generators and motors depend on magnetic flux to produce volt- 
age and torque, they are designed to produce as much flux as possible. As a result, 
most real machines operate near the knee of the magnetization curve, and the flux 
in their cores is not linearly related to the magnetomotive force producing it. This 
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nonlinearity accounts for many of the peculiar behaviors of machines that will be 
explained in future chapters. We will use MATLAB to calculate solutions to prob- 
lems involving the nonlinear behavior of real machines. 


Example 1-4. Find the relative permeability of the typical ferromagnetic material 
whose magnetization curve is shown in Figure 1—10c at (a) H = 50, (b) H = 100, (c) H = 
500, and (d) H = 1000 A ° turns/m. 


Solution 
The permeability of a material is given by 


_B 
uma 
and the relative permeability is given by 
Me = Tig (1-23) 


Thus, it is easy to determine the permeability at any given magnetizing intensity. 
(a) At = 50Ae¢turns/m, B = 0.25T, so 


~B8_  025T _ 
b= = Sp eenalm 7 0.0050 Hin 
and 
_# __0.0050Him _ 
Mee ae x10 A 
(b) At = 100A turns/m, B = 0.72 T, so 
2 Bee OIZT: > 
@H 100A «turns/m 0.0072 Him 
and 
_ & __0.0072Him _ 
Mr = Wo = Ge x 10-7 Him 
(c) AtH = 500A ¢turns/m, B = 1.40T, so 
_B_ 1.40 T - 
VA SOA 
and 


He te ag X10 Him 
(d) AtH = 1000A « turns/m, B = 1.51 T, so 
= port = 0.00151 H/m 


and 
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Notice that as the magnetizing intensity is increased, the relative perme- 
ability first increases and then starts to drop off. The relative permeability of a typ- 
ical ferromagnetic material as a function of the magnetizing intensity is shown in 
Figure 1-10d. This shape is fairly typical of all ferromagnetic materials. It can 
easily be seen from the curve for yz, versus H that the assumption of constant rel- 
ative permeability made in Examples I-1 to 1-3 is valid only over a relatively 
narrow range of magnetizing intensities (or magnetomotive forces). 

In the following example, the relative permeability is not assumed constant. 
Instead, the relationship between B and # is given by a graph. 


Example 1-5. A square magnetic core has a mean path length of 55 cm and a cross- 
sectional area of 150 cm?. A 200-turn coil of wire is wrapped around one leg of the core. The 
core is made of a material having the magnetization curve shown in Figure 1—10c. 


(a) How much current is required to produce 0.012 Wb of flux in the core? 
(6) What is the core’s relative permeability at that current level? 
(c) What is its reluctance? 


Solution 
(a) The required flux density in the core is 


& _ 1.012 Wb _ 


From Figure 1—10c, the required magnetizing intensity is 
A = 115 Ae turns/m 


From Equation (1-20), the magnetomotive force needed to produce this magnetizing in- 
tensity is 


= Ni = Al, 
= (115 A®* turns/m)(0.55 m) = 63.25 A « turns 


so the required current is 


“NH -— 200tums  ~ 316A 
(b) The core’s permeability at this current is 
-8__ _08T _ 
= FF = TIS A © turnsim — 2-00696 Him 
Therefore, the relative permeability is 
_ # _ 0.00696 Him _ 5540 
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FIGURE 1-11 
The hysteresis loop traced out by the flux in a core when the current i(t) is applied to it. 


Energy Losses in a Ferromagnetic Core 


Instead of applying a direct current to the windings on the core, let us now apply 
an alternating current and observe what happens. The current to be applied is 
shown in Figure 1—-11a. Assume that the flux in the core is initially zero. As the 
current increases for the first time, the flux in the core traces out path ab in Figure 
1-11b. This is basically the saturation curve shown in Figure 1-10. However, 
when the current falls again, the flux traces out a different path from the one tt fol- 
lowed when the current increased. As the current decreases, the flux in the core 
traces out path bcd, and later when the current increases again, the flux traces out 
path deb. Notice that the amount of flux present in the core depends not only on 
the amount of current applied to the windings of the core, but also on the previous 
history of the flux in the core. This dependence on the preceding flux history and 
the resulting failure to retrace flux paths is called hysteresis. Path bcdeb traced out 
in Figure 1—11b as the applied current changes is called a hysteresis loop. 
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FIGURE 1-12 
(a) Magnetic domains oriented randomly. (b) Magnetic domains lined up in the presence of an 
external magnetic field. 


Notice that if a large magnetomotive force is first applied to the core and 
then removed, the flux path in the core will be abc. When the magnetomotive 
force is removed, the flux in the core does not go to zero. Instead, a magnetic field 
is left in the core. This magnetic field is called the residual flux in the core. It is in 
precisely this manner that permanent magnets are produced. To force the flux to 
zero, an amount of magnetomotive force known as the coercive magnetomotive 
force GS, must be applied to the core in the opposite direction. 

Why does hysteresis occur? To understand the behavior of ferromagnetic 
materials, it is necessary to know something about their structure. The atoms of 
iron and similar metals (cobalt, nickel, and some of their alloys) tend to have their 
magnetic fields closely aligned with each other. Within the metal, there are many 
small regions called domains. In each domain, all the atoms are aligned with their 
magnetic fields pointing in the same direction, so each domain within the material 
acts as a small permanent magnet. The reason that a whole block of iron can ap- 
pear to have no flux is that these numerous tiny domains are oriented randomly 
within the material. An example of the domain structure within a piece of iron is 
shown in Figure 1-12. 

When an external magnetic field is applied to this block of iron, it causes do- 
mains that happen to point in the direction of the field to grow at the expense of 
domains pointed in other directions. Domains pointing in the direction of the mag- 
netic field grow because the atoms at their boundaries physically switch orientation 
to align themselves with the applied magnetic field. The extra atoms aligned with 
the field increase the magnetic flux in the iron, which in turn causes more atoms to 
switch orientation, further increasing the strength of the magnetic field. It is this pos- 
itive feedback effect that causes iron to have a permeability much higher than air. 

As the strength of the external magnetic field continues to increase, whole 
domains that are aligned in the wrong direction eventually reorient themselves as 
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a unit to line up with the field. Finally, when nearly all the atoms and domains in 
the iron are lined up with the external field, any further increase in the magneto- 
motive force can cause only the same flux increase that it would in free space. 
(Once everything is aligned, there can be no more feedback effect to strengthen 
the field.) At this point, the iron 1s saturated with flux. This is the situation in the 
saturated region of the magnetization curve in Figure 1-10. 

The key to hysteresis is that when the external magnetic field is removed, 
the domains do not completely randomize again. Why do the domains remain 
lined up? Because turning the atoms in them requires energy. Originally, energy 
was provided by the external magnetic field to accomplish the alignment; when 
the field is removed, there 1s no source of energy to cause all the domains to rotate 
back. The piece of iron is now a permanent magnet. 

Once the domains are aligned, some of them will remain aligned until a 
source of external energy is supplied to change them. Examples of sources of ex- 
ternal energy that can change the boundaries between domains and/or the align- 
ment of domains are magnetomotive force applied in another direction, a large 
mechanical shock, and heating. Any of these events can impart energy to the do- 
mains and enable them to change alignment. (It is for this reason that a permanent 
magnet can lose its magnetism if it is dropped, hit with a hammer, or heated.) 

The fact that turning domains in the iron requires energy leads to a common 
type of energy loss in all machines and transformers. The hysteresis loss in an iron 
core is the energy required to accomplish the reorientation of domains during each 
cycle of the alternating current applied to the core. It can be shown that the area 
enclosed in the hysteresis loop formed by applying an alternating current to the 
core is directly proportional to the energy lost in a given ac cycle. The smaller the 
applied magnetomotive force excursions on the core, the smaller the area of 
the resulting hysteresis loop and so the smaller the resulting losses. Figure 1-13 
illustrates this point. 

Another type of loss should be mentioned at this point, since it is also 
caused by varying magnetic fields in an iron core. This loss is the eddy current 
loss. The mechanism of eddy current losses is explained later after Faraday’s law 
has been introduced. Both hysteresis and eddy current losses cause heating in the 
core material, and both losses must be considered in the design of any machine or 
transformer. Since both losses occur within the metal of the core, they are usually 
lumped together and called core losses. 


1.5 FARADAY’S LAW—INDUCED VOLTAGE 
FROM A TIME-CHANGING MAGNETIC 
FIELD 


So far, attention has been focused on the production of a magnetic field and on its 
properties. It is now time to examine the various ways in which an existing mag- 
netic field can affect its surroundings. 

The first major effect to be considered is called Faraday’s law. It is the ba- 
sis of transformer operation. Faraday’s law states that if a flux passes through a 


INTRODUCTION TO MACHINERY PRINCIPLES 29 


¢ (or B) 
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Area « hysteresis loss 


FIGURE 1-13 
The effect of the size of magnetomotive force excursions on the magnitude of the hysteresis loss. 


turn of a coil of wire, a voltage will be induced in the turn of wire that is directly 
proportional to the rate of change in the flux with respect to time. In equation 
form, 


Cn = oP (1-35) 


where é,,4 is the voltage induced in the turn of the coil and ¢ is the flux passing 
through the turn. If a coil has N turns and if the same flux passes through all of 
them, then the voltage induced across the whole coil is given by 


€ing = —NGP (1-36) 
where 
€ing = Voltage induced in the coil 
N = number of turns of wire in coil 
@ = flux passing through coil 


The minus sign in the equations is an expression of Lenz's law. Lenz’s law states 
that the direction of the voltage buildup in the coil is such that if the coil ends 
were short circuited, it would produce current that would cause a flux opposing 
the original flux change. Since the induced voltage opposes the change that causes 
it, a Minus sign is included in Equation (1—36). To understand this concept clearly, 
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FIGURE 1-14 
The meaning of Lenz’s law: (a) A coil enclosing an increasing magnetic flux; (b) determining the 
resulting voltage polarity. 


examine Figure 1-14. If the flux shown in the figure is increasing in strength, then 
the voltage built up in the coil will tend to establish a flux that will oppose the in- 
crease. A current flowing as shown in Figure 1-14b would produce a flux oppos- 
ing the increase, so the voltage on the coil must be built up with the polarity re- 
quired to drive that current through the external circuit. Therefore, the voltage 
must be built up with the polarity shown in the figure. Since the polarity of the re- 
sulting voltage can be determined from physical considerations, the minus sign in 
Equations (1-35) and (1-36) is often left out. It is left out of Faraday’s law in the 
remainder of this book. 

There is one major difficulty involved in using Equation (1-36) in practical 
problems. That equation assumes that exactly the same flux is present in each turn 
of the coil. Unfortunately, the flux leaking out of the core into the surrounding air 
prevents this from being true. If the windings are tightly coupled, so that the vast 
majority of the flux passing through one turn of the coil does indeed pass through 
all of them, then Equation (1-36) will give valid answers. But if leakage is quite 
high or if extreme accuracy is required, a different expression that does not make 
that assumption will be needed. The magnitude of the voltage in the ith turn of the 
coil is always given by 


_ Ady) 


ing = Fe (1-37) 


If there are N turns in the coil of wire, the total voltage on the coil is 
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_ dd) 

= > are (1-39) 
d N 

=— : 1-40 


The term in parentheses in Equation (1—40) is called the flux linkage A of the coil. 
and Faraday’s law can be rewritten in terms of flux linkage as 


(1-41) 


where (1-42) 


The units of flux linkage are weber-turns. 

Faraday’s law is the fundamental property of magnetic fields involved in 
transformer operation. The effect of Lenz’s law in transformers is to predict the 
polarity of the voltages induced in transformer windings. 

Faraday’s law also explains the eddy current losses mentioned previously. 
A time-changing flux induces voltage within a ferromagnetic core in just the same 
manner as it would in a wire wrapped around that core. These voltages cause 
swirls of current to flow within the core, much like the eddies seen at the edges of 
a river. It is the shape of these currents that gives rise to the name eddy currents. 
These eddy currents are flowing in a resistive material (the iron of the core), so 
energy is dissipated by them. The lost energy goes into heating the iron core. 

The amount of energy lost to eddy currents is proportional to the size of the 
paths they follow within the core. For this reason, it is customary to break up any 
ferromagnetic core that may be subject to alternating fluxes into many small 
strips, or laminations, and to build the core up out of these strips. An insulating 
Oxide or resin is used between the strips, so that the current paths for eddy currents 
are limited to very small areas. Because the insulating layers are extremely thin, 
this action reduces eddy current losses with very little effect on the core’s mag- 
netic properties. Actual eddy current losses are proportional to the square of the 
lamination thickness, so there is a strong incentive to make the laminations as thin 
as economically possible. 


Example 1-6. Figure 1-15 shows a coil of wire wrapped around an iron core. If 
the flux in the core is given by the equation 


& = 0.05 sin 377t Wb 


If there are 100 turns on the core, what voltage is produced at the terminals of the coil? 
Of what polarity is the voltage during the time when flux is increasing in the reference 


32 ELECTRIC MACHINERY FUNDAMENTALS 


Required direction of i 
i 


— 


+ 


ind 


¢@ = 0.05 sin 377t Wb 


FIGURE 1-15 
The core of Example 1-6. Determination of the voltage polarity at the terminals is shown. 


direction shown in the figure? Assume that all the magnetic flux stays within the core (i.e., 
assume that the flux leakage is zero). 


Solution 
By the same reasoning as in the discussion on pages 29-30, the direction of the voltage 
while the flux is increasing in the reference direction must be positive to negative, as shown 
in Figure 1-15. The magnitude of the voltage 1s given by 
dd 


ing = N dt 


= (100 turns) < (0.05 sin 3772) 


= 1885 cos 377t 
or alternatively, 


Cina = 1885 sin(377t + 90°) V 


1.6 PRODUCTION OF INDUCED FORCE 
ON A WIRE 


A second major effect of a magnetic field on its surroundings is that it induces a 
force on a current-carrying wire within the field. The basic concept involved is il- 
lustrated in Figure 1-16. The figure shows a conductor present in a uniform mag- 
netic field of flux density B, pointing into the page. The conductor itself is 7 me- 
ters long and contains a current of i amperes. The force induced on the conductor 
is given by 


F = i(l x B) (1-43) 
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A current-carrying wire in the presence of a 

x  X > x Xx magnetic field. 
where 


i = magnitude of current in wire 
I = length of wire, with direction of | defined to be in the direction of 
current flow 


B = magnetic flux density vector 


The direction of the force is given by the right-hand rule: If the index finger of the 
right hand points in the direction of the vector | and the middle finger points in the 
direction of the flux density vector B, then the thumb points in the direction of 
the resultant force on the wire. The magnitude of the force is given by the equation 


F = ilB sin 6 (1-44) 


where @ is the angle between the wire and the flux density vector. 


Example 1-7. Figure 1-16 shows a wire carrying a current in the presence of a 
magnetic field. The magnetic flux density is 0.25 T, directed into the page. If the wire is 
1.0 m long and carries 0.5 A of current in the direction from the top of the page to the bot- 
tom of the page, what are the magnitude and direction of the force induced on the wire? 


The Pacey the force is given by the right-hand rule as being to the right. The magni- 
tude is given by 
F = iB sin 0 (1-44) 
= (0.5 A)(1.0 m\(0.25 T) sin 90° = 0.125 N 
Therefore, 


F = 0.125 N, directed to the right 


The induction of a force in a wire by a current in the presence of a magnetic 
field is the basis of motor action. Almost every type of motor depends on this 
basic principle for the forces and torques which make it move. 
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1.7 INDUCED VOLTAGE ON A CONDUCTOR 
MOVING IN A MAGNETIC FIELD 


There is a third major way in which a magnetic field interacts with its surround- 
ings. If a wire with the proper orientation moves through a magnetic field, a volt- 
age is induced in it. This idea is shown in Figure |—17. The voltage induced in the 
wire is given by 


€ing = (VX B)l (1-45) 


where 
v = velocity of the wire 
B = magnetic flux density vector 
] = length of conductor in the magnetic field 


Vector | points along the direction of the wire toward the end making the smallest 
angle with respect to the vector v X B. The voltage in the wire will be built up so 
that the positive end is in the direction of the vector v X B. The following exam- 
ples illustrate this concept. 


Example 1-8. Figure 1-17 shows a conductor moving with a velocity of 5.0 m/s 
to the right in the presence of a magnetic field. The flux density is 0.5 T into the page, and 
the wire is 1.0 m in length, oriented as shown. What are the magnitude and polarity of the 
resulting induced voltage? 


Solution 
The direction of the quantity v < B in this example is up. Therefore, the voltage on the con- 
ductor will be built up positive at the top with respect to the bottom of the wire. The direc- 
tion of vector | is up, so that it makes the smallest angle with respect to the vector v X B. 
Since v is perpendicular to B and since v X B is parallel to 1, the magnitude of the 
induced voltage reduces to 


Cind = (V X BY #1 (1-45) 
= (VB sin 90°) / cos 0° 
= vBl 
= (5.0 m/s)(0.5 T)(1.0 m) 
=25V 


Thus the induced voltage is 2.5 V, positive at the top of the wire. 


Example 1-9. Figure 1-18 shows a conductor moving with a velocity of 10 m/s 
to the right in a magnetic field. The flux density is 0.5 T, out of the page, and the wire is 
1.0 m in length, oriented as shown. What are the magnitude and polarity of the resulting 
induced voltage? 


Solution 
The direction of the quantity v X B is down. The wire is not oriented on an up-down line, 
so choose the direction of | as shown to make the smallest possible angle with the direction 
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x 
FIGURE 1-17 
A conductor moving in the presence of a 
x magnetic field. 
FIGURE 1-18 


The conductor of Example 1-9. 


of v < B. The voltage is positive at the bottom of the wire with respect to the top of the 
wire. The magnitude of the voltage is 
ing = (V X B)-1 (1-45) 
= (vB sin 90°) / cos 30° 
= (10.0 m/s\(0.5 T)(1.0 m) cos 30° 
=4,33V 


The induction of voltages in a wire moving in a magnetic field is funda- 
mental to the operation of all types of generators. For this reason, it is called gen- 
erator action. 
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Switch Magnetic field into page 


FIGURE 1-19 
A linear dc machine. The magnetic field points into the page. 


1.8 THE LINEAR DC MACHINE—A SIMPLE 
EXAMPLE 


A linear dc machine is about the simplest and easiest-to-understand version of a 
de machine, yet it operates according to the same principles and exhibits the same 
behavior as real generators and motors. It thus serves as a good startling point in 
the study of machines. 

A linear de machine is shown in Figure 1-19. It consists of a battery and a 
resistance connected through a switch to a pair of smooth, frictionless rails. Along 
the bed of this “railroad track” is a constant, uniform-density magnetic field di- 
rected into the page. A bar of conducting metal is lying across the tracks. 

How does such a strange device behave? Its behavior can be determined 
from an application of four basic equations to the machine. These equations are 


1. The equation for the force on a wire in the presence of a magnetic field: 


(49) 


where F = force on wire 
i = magnitude of current in wire 


I = length of wire, with direction of | defined to be in the direction 
of current flow 


B = magnetic flux density vector 
2. The equation for the voltage induced on a wire moving in a magnetic field: 


€ina = (VX B) ol (1-45) 


where €i,4 = voltage induced in wire 
v = velocity of the wire 
B = magnetic flux density vector 
] = length of conductor in the magnetic field 
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FIGURE 1-20 
Starting a linear dc machine. 


3. Kirchhoff’s voltage law for this machine. From Figure 1-19 this law gives 
Vp — IR —- Cind — 0] 


(1-46) 
4. Newton’s law for the bar across the tracks: 
Fie = ma (1-7) 


We will now explore the fundamental behavior of this simple dc machine 
using these four equations as tools. 


Starting the Linear DC Machine 


Figure 1-20 shows the linear dc machine under starting conditions. To start this 
machine, simply close the switch. Now a current flows in the bar, which is given 
by Kirchhoff’s voltage law: 

._ Va lng 

i= —_R (1-47) 
Since the bar is initially at rest, é,,3 = 0, so i = Vg/R. The current flows down 
through the bar across the tracks. But from Equation (1-43), a current flowing 
through a wire in the presence of a magnetic field induces a force on the wire. Be- 
cause of the geometry of the machine, this force is 


Fina = UB to the right (1-48) 


Therefore, the bar will accelerate to the right (by Newton’s law). However, 
when the velocity of the bar begins to increase, a voltage appears across the bar. 
The voltage is given by Equation (1—45), which reduces for this geometry to 

€ina = VBI positive upward (1-49) 


The voltage now reduces the current flowing in the bar, since by Kirch- 
hoff’s voltage law 
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R FIGURE 1-21 
> The linear de machine on starting. 
1) ; (a) Velocity v(t} as a function of time; 
(b) induced voltage é,,a(f): (Cc) current i(7}. 


{d) (d) induced force F,,4(f). 


(1-47) 


AS é,,4 increases, the current i decreases. 

The result of this action is that eventually the bar will reach a constant 
steady-state speed where the net force on the bar is zero. This will occur when é,44 
has risen all the way up to equal the voltage V ,. At that time, the bar will be mov- 
ing at a speed given by 


Ve = Cing = VesBl 
Ve 
Vv’ = Bi (1-50) 


The bar will continue to coast along at this no-load speed forever unless some ex- 
ternal force disturbs it. When the motor is started, the velocity v, induced voltage 
ing CUrrent i, and induced force F;,,, are as sketched in Figure 1-21. 

To summarize, at starting, the linear dc machine behaves as follows: 


1. Closing the switch produces a current flow i = V,/R. 
2. The current flow produces a force on the bar given by F = iB. 
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FIGURE 1-22 
The linear de machine as a motor. 


3. The bar accelerates to the right, producing an induced voltage @;,4 as it 
speeds up. 

4. This induced voltage reduces the current flow i = (Vg — @ing TYR. 

5. The induced force is thus decreased (F = i | iB) until eventually F = 0. 
At that point, é,,4 = Vg, ¢ = 0, and the bar moves at a constant no-load speed 
V,, = Vp/ BI. 


This is precisely the behavior observed in real motors on starting. 


The Linear DC Machine as a Motor 


Assume that the linear machine is initially running at the no-load steady-state con- 
ditions described above. What will happen to this machine if an external load is 
applied to it? To find out, let’s examine Figure 1-22. Here, a force F,,,4 is applied 
to the bar opposite the direction of motion. Since the bar was initially at steady 
state, application of the force F,,,4 will result in a net force on the bar in the direc- 
tion opposite the direction of motion (Fye = Flag — Fina). The effect of this force 
will be to slow the bar. But just as soon as the bar begins to slow down, the in- 
duced voltage on the bar drops (€j,g = v+Bi). As the induced voltage decreases, 
the current flow in the bar rises: 
t= Va — Cina 


R (1-47) 


Therefore, the induced force rises too (Fig = iT/B). The overall result of this 
chain of events is that the induced force rises until it is equal and opposite to the 
load force, and the bar again travels in steady state, but at a lower speed. When a 
load is attached to the bar, the velocity v, induced voltage é,,4, current ¢, and in- 
duced force Fj,g are as sketched in Figure ]—23. 

There is now an induced force in the direction of motion of the bar, and 
power is being converted from electrical form to mechanical form to keep the bar 
moving. The power being converted is 
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Fina (1) (c) 
FIGURE 1-23 
Fioad The linear de machine operating at no-load 
conditions and then loaded as a motor. 
0 (a) Velocity v(t} as a function of time; 
f (b) induced voltage e,,4(f); (c) current é(t}:. 


(d) (d) induced force F;,{f). 


Paw = €inal -_ FinaV (1-31) 


An amount of electric power equal to é,,4# is consumed in the bar and is replaced 
by mechanical power equal to F,4v. Since power is converted from electrical to 
mechanical form, this bar is operating as a motor. 

To summarize this behavior: 


1. A force F,,4 is applied opposite to the direction of motion, which causes a net 
force F,., opposite to the direction of motion. 


2. The resulting acceleration a = F,,, /m is negative, so the bar slows down (vl). 
3. The voltage e,4 = vt Bi falls, and so i = (Vg — €nal WR increases. 


4, The induced force F,,y = iT/B increases until | Fn = |F,.3! at a lower 
speed v. 


load 


5. An amount of electric power equal to é,,g/ is now being converted to me- 
chanical power equal to F,,,v, and the machine is acting as a motor. 


A real dc motor behaves in a precisely analogous fashion when it is loaded: 
As a load is added to its shaft, the motor begins to slow down, which reduces its in- 
ternal voltage, increasing its current flow. The increased current flow increases its 
induced torque, and the induced torque will equal the load torque of the motor at a 
new, slower speed. 
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FIGURE 1-24 
The linear dc machine as a generator. 


Note that the power converted from electrical form to mechanical form by 
this linear motor was given by the equation P,,,, = Fingv. The power converted 
from electrical form to mechanical form in a real rotating motor is given by the 
equation 


F say = Ting? (1-52) 


where the induced torque 7,,g 1s the rotational analog of the induced force Fj,g, and 
the angular velocity w is the rotational analog of the linear velocity v. 


The Linear DC Machine as a Generator 


Suppose that the Jinear machine is again operating under no-load steady-state con- 
ditions. This time, apply a force in the direction of motion and see what happens. 
Figure 1-24 shows the linear machine with an applied force F,,,, in the di- 
rection of motion. Now the applied force will cause the bar to accelerate in the 
direction of motion, and the velocity v of the bar will increase. As the velocity 
increases, €,,4 = vT Bi will increase and will be larger than the battery voltage Vp. 
With é,,4 > Vz, the current reverses direction and is now given by the equation 


x Gra Vey 


i= po (1-53) 


Since this current now flows up through the bar. it induces a force in the bar 
given by 


Fina = iB tothe lef (1-54) 


The direction of the induced force is given by the right-hand rule. This induced 
force opposes the applied force on the bar. 

Finally, the induced force will be equal and opposite to the applied force, 
and the bar will be moving at a higher speed than before. Notice that now the bat- 
tery is charging. The linear machine is now serving as a generator, converting me- 
chanical power F;,gv into electric power €jyg/. 

To summarize this behavior: 
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1. A force F,,, is applied in the direction of motion; F,,, is in the direction of 
motion. 


2. Acceleration a = F,,,/m is positive, so the bar speeds up (vt). 
3. The voltage é,,4 = vt BI increases, and so i = (€nq T-VgVR increases. 


4. The induced force F,,, = iT/B increases until | Fina | = | Fiona | at a higher 
speed v. 


5. An amount of mechanical power equal to F;j,gv is now being converted to 
electric power é;,,g/, and the machine is acting as a generator. 


Again, a real de generator behaves in precisely this manner: A torque is ap- 
plied to the shaft in the direction of motion, the speed of the shaft increases, the in- 
ternal voltage increases, and current flows out of the generator to the loads. The 
amount of mechanical power converted to electrical form in the real rotating gen- 
erator is again given by Equation (1-52): 


ne = Ting® (1-52) 


It is interesting that the same machine acts as both motor and generator. The 
only difference between the two is whether the externally applied forces are in the 
direction of motion (generator) or opposite to the direction of motion (motor). 
Electrically, when é€,.g > Vg, the machine acts as a generator, and when é,,g < Ve. 
the machine acts as a motor. Whether the machine is a motor or a generator, both 
induced force (motor action) and induced voltage (generator action) are present at 
all times. This is generally true of all machines—both actions are present, and it is 
only the relative directions of the external forces with respect to the direction of 
motion that determine whether the overall machine behaves as a motor or as a 
generator. 

Another very interesting fact should be noted: This machine was a genera- 
tor when it moved rapidly and a motor when it moved more slowly, but whether it 
was a motor or a generator, it always moved in the same direction. Many begin- 
ning machinery students expect a machine to turn one way as a generator and the 
other way as a motor. This does not occur. Instead, there is merely a small change 
in Operating speed and a reversal of current flow. 


Starting Problems with the Linear Machine 


A linear machine is shown in Figure 1-25. This machine is supplied by a 250-V 
dc source, and its internal resistance R is given as about 0.10 ©. (The resistor R 
models the internal resistance of a real dc machine, and this is a fairly reasonable 
internal resistance for a medium-size dc motor.) 

Providing actual numbers in this figure highlights a major problem with ma- 
chines (and their simple linear model). At starting conditions, the speed of the bar 
is Zero, sO €,,, = 0. The current flow at starting is 
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B=0.5T, 
0.10 2 directed into the page 
t=0 x 
—— Vz = 250 V 


FIGURE 1-25 
The linear dc machine with component values illustrating the problem of excessive starting current. 


FIGURE 1-26 
A linear dc machine with an extra series resistor inserted to control the starting current. 


This current is very high, often in excess of 10 times the rated current of the ma- 
chine. Such currents can cause severe damage to a motor. Both real ac and real dc 
machines suffer from similar high-current problems on starting. 

How can such damage be prevented? The easiest method for this simple lin- 
ear machine is to insert an extra resistance into the circuit during starting to limit 
the current flow until ¢,,4 builds up enough to limit it. Figure 1-26 shows a start- 
ing resistance inserted into the machine circuitry. 

The same problem exists in real dc machines, and it is handled in precisely 
the same fashion—a resistor is inserted into the motor armature circuit during 
starting. The control of high starting current in real ac machines is handled in a 
different fashion, which will be described in Chapter 8. 


Example 1-10. The linear dc machine shown in Figure 1—27a has a battery volt- 
age of 120 V, an internal resistance of 0.3 0, and a magnetic flux density of 0.1 T. 


(a) What is this machine’s maximum starting current? What is its steady-state 
velocity at no load? 

(5) Suppose that a 30-N force pointing to the right were applied to the bar. What 
would the steady-state speed be? How much power would the bar be producing 
or consuming? How much power would the battery be producing or consuming? 
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B=0.1 T, 
directed into the page 


0.30 


(a) B 
032 =O Ts 
directed into the page 


(b) B=0.1T, 
directed into the page 


0.32 


{c) 


FIGURE 1-27 
The linear dc machine of Example 1-10. (a) Starting conditions: (b) operating as a generator: 
(c) Operating as a motor. 


Explain the difference between these two figures. Is this machine acting as a 
motor or as a generator? 

(c) Now suppose a 30-N force pointing to the left were applied to the bar. What would 
the new steady-state speed be? Is this machine a motor or a generator now? 

(d) Assume that a force pointing to the left is applied to the bar. Calculate speed of 
the bar as a function of the force for values from 0 N to 50 N in 10-N steps. Plot 
the velocity of the bar versus the applied force. 

(e) Assume that the bar is unloaded and that it suddenly runs into a region where the 
magnetic field is weakened to 0.08 T. How fast will the bar go now? 


Solution 
(a) At starting conditions, the velocity of the bar is 0, so e,,, = 0. Therefore, 
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When the machine reaches steady state, F,,, = 0 and i = 0. Therefore, 


VB = @ind = VBE 
VE 
Vs ~ BI 
pov, 
= @1T\IOm ~ [2 ms 


(b) Refer to Figure 1-27b. If a 30-N force to the right is applied to the bar, the final 
steady state will occur when the induced force F;,,, is equal and opposite to the 
applied force F,,,, so that the net force on the bar is zero: 

Frpp = Fina = iB 
Therefore, 
Fina 30.N 


~ 1B (10m\0.1 T) 
= 30A flowing up through the bar 
The induced voltage é¢,4 on the bar must be 
Cing = Ve t iR 
= 120 V + (30A)(0.3 O) = 129 V 
and the final steady-state speed must be 


= 129V 
(0.1 T)(10 m) 

The bar is producing P = (129 V)\(30 A) = 3870 W of power, and the battery is 
consuming P = (120 V)(30 A) = 3600 W. The difference between these two num- 
bers is the 270 W of losses in the resistor. This machine is acting as a generator. 

(c) Refer to Figure 1-25c. This time, the force is applied to the left, and the induced 
force is to the right. At steady state, 

= Fi, = iB 

_ Fiat ___30N 


~ IB (10 m)(0.1 T) 
= 30A flowing down through the bar 


129 m/s 


F rop 


The induced voltage @ing on the bar must be 
Cina — Vp ~ tR 
= 120 V — (30 AX(0.3 2) = 1ILV 
and the final speed must be 
_ ind 
ss BI 
= 111V 
(0.1 T)(10 m) 


This machine is now acting as a motor, converting electric energy from the bat- 
tery into mechanical energy of motion on the bar. 


¥ 


= 111 m/s 
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(d) This task is ideally suited for MATLAB. We can take advantage of MATLAB’s 
vectorized calculations to determine the velocity of the bar for each value of 
force. The MATLAB code to perform this calculation is just a version of the 
steps that were performed by hand in part c. The program shown below calcu- 
lates the current, induced voltage, and velocity in that order, and then plots the 
velocity versus the force on the bar. 


% M-file: ex1_10.m 
% M-file to calculate and plot the velocity of 
% a linear motor as a function of load. 


VB = 120; % Battery voltage (V) 
r= 0.3; % Resistance (ohms) 

1 = 1; % Bar length (m) 

B = 0.6; % Flux density (T) 


% Select the forces to apply to the bar 
F = 0:10:50; % Force (N) 


% Calculate the currents flowing in the motor. 
i=jF ./ (1 * B); % Current (A) 


% Calculate the induced voltages on the bar. 
eind = VB-i.* 4; % Induced voltage (V) 


% Calculate the velocities of the bar. 
v_bar = eind ./ (1 * B); % Velocity (m/s) 


% Plot the velocity of the bar versus force. 
plot (F,v_bar) ; 

title ('Plot of Velocity versus Applied Force'); 
xlabel ('Force (N)'); 

ylabel ('Velocity (m/s)'); 

axis ([0 50 0 200]); 


The resulting plot is shown in Figure 1-28. Note that the bar slows down more 
and more as load increases. 

(e) If the bar is initially unloaded, then ejgg = Vg. If the bar suddenly hits a region 
of weaker magnetic field, a transient will occur. Once the transient is over, 
though, ¢;,4 will again equal Vp. 


This fact can be used to determine the final speed of the bar. The initial speed was 
120 m/s. The final speed is 


VB = Cind = vB! 
Vp 
Ys ~ BI 
pov” 
= 0.08 dO m ~ PO ms 


Thus, when the flux in the linear motor weakens, the bar speeds up. The same behavior oc- 
curs in real dc motors: When the field flux of a dc motor weakens, it turns faster. Here, 
again, the linear machine behaves in much the same way as a real dc motor. 
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Velocity (m/s) 


0 5 10 15 20 25 30 35 40 45 50 
Force (N) 


FIGURE 1-28 
Plot of velocity versus force for a linear dc machine. 


1.9 REAL, REACTIVE, AND APPARENT 
POWER IN AC CIRCUITS 


In a de circuit such as the one shown in Figure 1—29a, the power supplied to the 
de load is simply the product of the voltage across the load and the current flow- 
ing through it. 


P=VI (1-55) 


Unfortunately, the situation in sinusoidal ac circuits is more complex, be- 
cause there can be a phase difference between the ac voltage and the ac current 
supplied to the load. The instantaneous power supplied to an ac load will still be 
the product of the instantaneous voltage and the instantaneous current, but the av- 
erage power supplied to the load will be affected by the phase angle between the 
voltage and the current. We will now explore the effects of this phase difference 
on the average power supplied to an ac load. 

Figure 1-29b shows a single-phase voltage source supplying power to a 
single-phase load with impedance Z = ZZ @ Q. If we assume that the load is in- 
ductive, then the impedance angle @ of the load will be positive, and the current 
will lag the voltage by @ degrees. 

The voltage applied to this load is 


v(t) = 1/2V cos wt (1-56) 


48 ELECTRIC MACHINERY FUNDAMENTALS 


Z=ZZ@ FIGURE 1-29 
(a) A de voltage source supplying a 
load with resistance R. (b) An ac 
voltage source supplying a load with 
impedance Z = Z/4 OQ. 


where Vis the rms value of the voltage applied to the load, and the resulting cur- 
rent flow is 


i(t) = 21 cos(wt — 8) (1-57) 


where / is the rms value of the current flowing through the load. 
The instantaneous power supplied to this load at any time f is 


p(t) = w(t)i(t) = 2VI cos wt cos(wt — 6) (1-58) 


The angle @ in this equation is the ¢mpedance angie of the load. For inductive 
loads, the impedance angle is positive, and the current waveform lags the voltage 
wavetorm by @ degrees. 

If we apply trigonometric identities to Equation (1-58), it can be manipu- 
lated into an expression of the form 


p(t) = Vicos @(1 + cos 2wt) + Vi sin @ sin 2wt (1-59) 


The first term of this equation represents the power supplied to the load by the 
component of current that is in phase with the voltage, while the second term rep- 
resents the power supplied to the load by the component of current that is 90° out 
of phase with the voltage. The components of this equation are plotted in Figure 
1-30. 

Note that the first term of the instantaneous power expression is always pos- 
itive, but it produces pulses of power instead of a constant value. The average 
value of this term is 


P= Vi cos @ (1-60) 


which is the average or real power (P) supplied to the load by term 1 of the Equa- 
tion (1-59). The units of real power are walts (W), where | W = 1V X 1A. 
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Component 1! 


FIGURE 1-30 

The components of power supplied to a single-phase load versus time. The first component represents 
the power supplied by the component of current i#7 phase with the voltage, while the second term 
represents the power supplied by the component of current 90° out of phase with the voltage. 


Note that the second term of the instantaneous power expression is positive 
half of the time and negative half of the time, so that the average power supplied 
by this term is zero. This term represents power that is first transferred from the 
source to the load, and then returned from the load to the source. The power that 
continually bounces back and forth between the source and the load is known as re- 
active power (Q). Reactive power represents the energy that is first stored and then 
released in the magnetic field of an inductor, or in the electric field of a capacitor. 

The reactive power of a load is given by 


Q = Visin6 (1-61) 


where @ is the impedance angle of the load. By convention, Q is positive for in- 
ductive loads and negative for capacitive loads, because the impedance angle @ is 
positive for inductive loads and negative for capacitive loads. The units of reac- 
tive power are volt-amperes reactive (var), where | var = | V X 1 A. Even though 
the dimensional units are the same as for watts, reactive power is traditionally 
given a unique name to distinguish it from power actually supplied to a load. 
The apparent power (5S) supplied to a load is defined as the product of the 
voltage across the load and the current through the load. This is the power that 
“appears” to be supplied to the load if the phase angle differences between volt- 
age and current are ignored. Therefore, the apparent power of a load is given by 
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S=VI (1-62) 


The units of apparent power are volt-amperes (VA), where 1 VA= 1 V X 1A. As 
with reactive power, apparent power is given a distinctive set of units to avoid 
confusing it with real and reactive power. 


Alternative Forms of the Power Equations 


If a load has a constant impedance, then Ohm’s law can be used to derive alterna- 
tive expressions for the real, reactive, and apparent powers supplied to the load. 
Since the magnitude of the voltage across the load is given by 


V=1Z (1-63) 


substituting Equation (1-63) into Equations (1-60) to (1-62) produces equations 
for real, reactive, and apparent power expressed in terms of current and impedance: 


P = I?Zcos 6 (1-64) 
Q =!1°Zsin 0 (1-65) 
S=)2 (1-66) 


where |Z| is the magnitude of the load impedance Z. 
Since the impedance of the load Z can be expressed as 


Z=R+jxX =|Z| cos @+ j|Z| sin @ 
we see from this equation that R = |Z | cos @ and X = |Z | sin @, so the real and 
reactive powers of a load can also be expressed as 
P=I°R (1-67) 
Q=I°X (1-68) 


where R is the resistance and X is the reactance of load Z. 


Complex Power 


For simplicity in computer calculations, real and reactive power are sometimes 
represented together as a complex power S, where 


The complex power S supplied to a load can be calculated from the equation 
S = VI* (1-70) 


where the asterisk represents the complex conjugate operator. 

To understand this equation, let’s suppose that the voltage applied to a load 
is V = V Z a@ and the current through the load is I = 7 Z B. Then the complex 
power supplied to the load is 
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Z=|z| 200 


FIGURE 1-31 
An inductive load has a positive impedance angle @. This load produces a lagging current, and it 
consumes both real power P and reactive power Q from the source. 


S= Vit = (VZa)\UZ—B) = VI Z(a — B) 
= VI cos(a — B) + jVi sin(a — B) 


The impedance angle @ is the difference between the angle of the voltage and the 
angle of the current (6 = a — B), so this equation reduces to 


S = Vi cos 6 + jVI sin 6 
=P +jQ 


The Relationships between Impedance Angle, 
Current Angle, and Power 


As we know from basic circuit theory, an inductive load (Figure 1-31) has a pos- 
itive impedance angle @, since the reactance of an inductor is positive. If the im- 
pedance angle @ of a load is positive, the phase angle of the current flowing 
through the load will /ag the phase angle of the voltage across the load by @. 


Also, if the impedance angle @ of a load is positive, the reactive power consumed 
by the load will be positive (Equation 1-65), and the load is said to be consuming 
both real and reactive power from the source. 

In contrast, a capacitive load (Figure 1-32) has a negative impedance 
angle 6, since the reactance of a capacitor is negative. If the impedance angle @ of 
a load is negative, the phase angle of the current flowing through the load will 
lead the phase angle of the voltage across the load by @. Also, if the impedance an- 
gle @ of a load is negative, the reactive power Q consumed by the load will be 
negative (Equation 1-65). In this case, we say that the load is consuming real 
power from the source and supplying reactive power to the source. 


The Power Triangle 


The real, reactive, and apparent powers supplied to a load are related by the power 
triangle. A power triangle is shown in Figure 1-33. The angle in the lower left 
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FIGURE 1-32 
A capacitive load has a negative impedance angle @. This load produces a feading current, and it 
consumes real power P from the source and while supplying reactive power @Q to the source. 


P 
: cos @= 5 
Q = Ssin@ noe £ 
ZO) ae Q ~~ FIGURE 1-33 
P=Scos@ P The power triangle. 


corner is the impedance angle @. The adjacent side of this triangle is the real 
power P supplied to the load, the opposite side of the triangle is the reactive power 
Q supplied to the load, and the hypotenuse of the triangle is the apparent power S 
of the load. 

The quantity cos @ is usually known as the power factor of a load. The 
power factor is defined as the fraction of the apparent power S that is actually sup- 
plying real power to a load. Thus, 


PF = cos @ (1-71) 


where @ is the impedance angle of the load. 

Note that cos @ = cos (— 8), so the power factor produced by an impedance 
angle of +30° is exactly the same as the power factor produced by an impedance 
angle of —30°. Because we can’t tell whether a load is inductive or capacitive 
from the power factor alone, it is customary to state whether the current is leading 
or lagging the voltage whenever a power factor is quoted. 

The power triangle makes the relationships among real power, reactive 
power, apparent power, and the power factor clear, and provides a convenient way 
to calculate various power-related quantities if some of them are known. 


Example I-11. Figure 1-34 shows an ac voltage source supplying power to a load 
with impedance Z = 202 —30° 2. Calculate the current I supplied to the load, the power 
factor of the load, and the real, reactive, apparent, and complex power supplied to the load. 
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Z= 20 Z -30°2 


FIGURE 1-34 
The circuit of Example 1-11. 


Solution 
The current supplied to this load is 


_V_ 12020°V_ _ e 
I 7-22 OO 
The power factor of the load is 
PF = cos 6 = cos (—30°) = 0.866 leading (1-71) 


(Note that this is a capacitive load, so the impedance angle @ is negative, and the current 
leads the voltage.) 
The real power supplied to the load is 
P= Vicos@ (1-60) 
P = (120 V)(6 A) cos (—30°) = 623.5 W 
The reactive power supplied to the load is 
Q = Vi sin @ (1-61) 
Q = (120 V)(6 A) sin (—30°) = —360 VAR 
The apparent power supplied to the load is 
S=VI (1-62) 
Q = (120 V\(6 A) = 720 VA 
The complex power supplied to the load is 
S = VI* (1-70) 
= (12020° V)(62 —30° A)* 
= (12020° V)(6230° A) = 720230° VA 
= 623.5 — (360 VA 


1.10 SUMMARY 


This chapter has reviewed briefly the mechanics of systems rotating about a sin- 
gle axis and introduced the sources and effects of magnetic fields important in the 
understanding of transformers, motors, and generators. 

Historically, the English system of units has been used to measure the 
mechanical quantities associated with machines in English-speaking countries. 
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Recently, the SI units have superseded the English system almost everywhere in 
the world except in the United States, but rapid progress is being made even there. 
Since SI is becoming almost universal, most (but not all) of the examples in this 
book use this system of units for mechanical measurements. Electrical quantities 
are always measured in SI units. 

In the section on mechanics, the concepts of angular position, angular veloc- 
ity, angular acceleration, torque, Newton’s law, work, and power were explained 
for the special case of rotation about a single axis. Some fundamental relationships 
(such as the power and speed equations) were given in both SI and English units. 

The production of a magnetic field by a current was explained, and the spe- 
cial properties of ferromagnetic materials were ex plored in detail. The shape of the 
magnetization curve and the concept of hysteresis were explained in terms of the 
domain theory of ferromagnetic materials, and eddy current losses were discussed. 

Faraday’s law states that a voltage will be generated in a coil of wire that is 
proportional to the time rate of change in the flux passing through it. Faraday’s 
law is the basis of transformer action, which is explored in detail in Chapter 3. 

A current-carrying wire present in a magnetic field, if it is oriented properly, 
will have a force induced on it. This behavior is the basis of motor action in all 
real machines. 

A wire moving through a magnetic field with the proper orientation will 
have a voltage induced in it. This behavior is the basis of generator action in all 
real machines. 

A simple linear de machine consisting of a bar moving in a magnetic field 
illustrates many of the features of real motors and generators. When a load is at- 
tached to it, it slows down and operates as a motor, converting electric energy into 
mechanical energy. When a force pulls the bar faster than its no-load steady-state 
speed, it acts as a generator, converting mechanical energy into electric energy. 

In ac circuits, the real power P is the average power supplied by a source to 
a load. The reactive power Q is the component of power that is exchanged back 
and forth between a source and a load. By convention, positive reactive power is 
consumed by inductive loads (+ @) and negative reactive power is consumed (or 
positive reactive power is supplied) by capacitive loads (—@). The apparent power 
S is the power that “appears” to be supplied to the load if only the magnitudes of 
the voltages and currents are considered. 


QUESTIONS 


1-1. What is torque? What role does torque play in the rotational motion of machines? 

1-2. What is Ampere’s law? 

1-3. What is magnetizing intensity? What is magnetic flux density? How are they related? 

1-4. How does the magnetic circuit concept aid in the design of transformer and machine 
cores? 

1-5. What is reluctance? 

1-6. What is a ferromagnetic material? Why is the permeability of ferromagnetic mate- 
rials so high? 


1-7. 
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How does the relative permeability of a ferromagnetic material vary with magneto- 
motive force? 


. What is hysteresis? Explain hysteresis in terms of magnetic domain theory. 
, What are eddy current losses? What can be done to minimize eddy current losses in 


a core? 

Why are all cores exposed to ac flux variations laminated? 

What is Faraday’s law? 

What conditions are necessary for a magnetic field to produce a force on a wire? 
What conditions are necessary for a magnetic field to produce a voltage in a wire? 
Why is the linear machine a good example of the behavior observed in real de 
machines? 

The linear machine in Figure 1-19 is running at steady state. What would happen to 
the bar if the voltage in the battery were increased? Explain in detail. 

Just how does a decrease in flux produce an increase in speed in a linear machine? 
Will current be leading or lagging voltage in an inductive load? Will the reactive 
power of the load be positive or negative? 


. What are real, reactive, and apparent power? What units are they measured in? How 


are they related? 


. What is power factor? 


PROBLEMS 


1-1. 


1-2. 


A motor’s shaft is spinning at a speed of 3000 r/min. What is the shaft speed in 
radians per second? 

A flywheel with a moment of inertia of 2 kg * m? is initially at rest. If a torque of 
5 N « m (counterclockwise) is suddenly applied to the flywheel, what will be the 
speed of the flywheel after 5 s? Express that speed in both radians per second and 
revolutions per minute. 


. Aforce of 10 N is applied to a cylinder, as shown in Figure P1—-1. What are the mag- 


nitude and direction of the torque produced on the cylinder? What is the angular ac- 
celeration a of the cylinder? 


F=10N 


FIGURE P1-1 
The cylinder of Problem 1-3. 
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1-4. Amotor is supplying 60 N ¢ m of torque to its load. If the motor’s shaft is turning at 


1-5. 


1-8. 


1800 r/min, what is the mechanical power supplied to the load in watts? In horse- 
power? 

A ferromagnetic core is shown in Figure P1—2. The depth of the core is 5 cm. The 
other dimensions of the core are as shown in the figure. Find the value of the current 
that will produce a flux of 0.005 Wb. With this current, what is the flux density at 
the top of the core? What is the flux density at the right side of the core? Assume 
that the relative permeability of the core is 1000. 


[10 em—+}-— 20 em ——-|> 5 


Core depth = 5cm 


FIGURE P1-2 
The core of Problems 1-5 and 1-16. 


. A ferromagnetic core with a relative permeability of 1500 is shown in Figure P1-3. 


The dimensions are as shown in the diagram, and the depth of the core is 7 cm. The 
air gaps on the left and right sides of the core are 0.070 and 0.050 cm, respectively. 
Because of fringing effects, the effective area of the air gaps is 5 percent larger than 
their physical size. If there are 400 turns in the coil wrapped around the center leg 
of the core and if the current in the coil is 1.0 A, what is the flux in each of the left, 
center, and right legs of the core? What is the flux density in each air gap? 


. Atwo-legged core is shown in Figure P1-4. The winding on the left leg of the core 


(N,) has 400 turns, and the winding on the right (N) has 300 turns. The coils are 
wound in the directions shown in the figure. If the dimensions are as shown, then 
what flux would be produced by currents i; = 0.5 Aandi, = 0.75 A? Assume p, = 
1000 and constant. 

Acore with three legs is shown in Figure P1—5. Its depth is 5 cm, and there are 200 
turns on the leftmost leg. The relative permeability of the core can be assumed to be 
1500 and constant. What flux exists in each of the three legs of the core? What is the 
flux density in each of the legs? Assume a 4 percent increase in the effective area of 
the air gap due to fringing effects. 


30 cm 30 cm 


Core depth = 7 cm 


FIGURE P1-3 
The core of Problem 1-6. 
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Core depth = 15cm 


FIGURE P1-4 


The core of Problems 1-7 and 1-12. 57 
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| >< | 25 em ——+}— 15 em—}- — 25 em——+]° "| 


1-10. 


1-11. 
1-12. 


it F484 


Core depth = 5 cm 


FIGURE P1-5 
The core of Problem 1-8. 


. The wire shown in Figure P1-6 is carrying 5.0 A in the presence of a magnetic field. 


Calculate the magnitude and direction of the force induced on the wire. 


B =0.25 T, 
—— to the right 
_-|QaaJgE€§ —_-|]wYQFR] 
——— ——— 
——— ad 
f=Im 
————— 
—____+ i=50A —_ FIGURE P1-6 
A current-carrying wire in a 
magnetic field (Problem 1-9). 
The wire shown in Figure P1—7 is moving in the presence of a magnetic field. With 


the information given in the figure, determine the magnitude and direction of the in- 
duced voltage in the wire. 

Repeat Problem 1-10 for the wire in Figure P1-8. 

The core shown in Figure P1—4 is made of a steel whose magnetization curve is 
shown in Figure P1—9. Repeat Problem 1-7, but this time do not assume a constant 
value of u,. How much flux is produced in the core by the currents specified? What 
is the relative permeability of this core under these conditions? Was the assumption 


1-13. 
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x x x 
x x x 
x x x 
x x x 
x x x 
x 4 x FIGURE P1-7 
A wire moving ina 
magnetic field (Problem 
B = 0.25 T, into the page 1-10). 
| v=1 ms 
—_—_— 
———————_ | ————_ B=05T 
—— ——_—_—_—_—_—_—_—_—_———— 
=05m 
—_—_—_—_—————— —_—_—_———— 
— —_ 
FIGURE P1-8 
a A wire moving in a magnetic field 


(Problem 1-11). 


in Problem 1-7 that the relative permeability was equal to 1000 a good assumption 

for these conditions? Is it a good assumption in general? 

Acore with three legs is shown in Figure P1—10. Its depth is 8 cm, and there are 400 

turns on the center leg. The remaining dimensions are shown in the figure. The core 

is composed of a steel having the magnetization curve shown in Figure 1-10c. An- 

swer the following questions about this core: 

(a) What current is required to produce a flux density of 0.5 T in the central leg of 
the core? 

(b) What current is required to produce a flux density of 1.0 T in the central leg of 
the core? Is it twice the current in part (a)? 

(c) What are the reluctances of the central and right legs of the core under the con- 
ditions in part (a)? 

(d) What are the reluctances of the central and right legs of the core under the con- 
ditions in part (b)? 

(e) What conclusion can you make about reluctances in real magnetic cores? 


. Atwo-legged magnetic core with an air gap is shown in Figure P1—11. The depth of 


the core is 5 cm, the length of the air gap in the core is 0.06 cm, and the number of 
turns on the coil is 1000. The magnetization curve of the core material is shown in 
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Flux density B (T) 


Magnetizing intensity H (A « turns/m) 


FIGURE P1-9 
The magnetization curve for the core material of Problems 1-12 and 1-14. 
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Depth = 8 cm 


FIGURE P1-10 
The core of Problem 1-13. 


Figure PI—-9. Assume a 5 percent increase in effective air-gap area to account for 
fringing. How much current is required to produce an air-gap flux density of 0.5 T? 
What are the flux densities of the four sides of the core at that current? What is the 
total flux present in the ar gap? 


1-15. 


1-18. 
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N = 1,000 turns 0.06 cm —_ 
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5cm 
Depth = 5 cm 


10 cm — 


FIGURE P1-11 
The core of Problem 1-14. 


A transformer core with an effective mean path length of 10 in has a 300-turn coil 
wrapped around one leg. Its cross-sectional area is 0.25 in?, and its magnetization 
curve is shown in Figure 1—10c. If current of 0.25 A is flowing in the coil, what is 
the total flux in the core? What is the flux density? 


. The core shown in Figure P1-—2 has the flux @ shown in Figure P1—12. Sketch the 


voltage present at the terminals of the coil. 

Figure P1—-13 shows the core of a simple de motor. The magnetization curve for the 

metal in this core is given by Figure 1-10c and d. Assume that the cross-sectional 

area of each air gap is 18 cm? and that the width of each air gap is 0.05 cm. The ef- 
fective diameter of the rotor core is 4 cm. 

(a) It is desired to build a machine with as great a flux density as possible while 
avoiding excessive saturation in the core. What would be a reasonable maxi- 
mum flux density for this core? 

(b) What would be the total flux in the core at the flux density of part (a)? 

(c) The maximum possible field current for this machine is 1 A. Select a reasonable 
number of turns of wire to provide the desired flux density while not exceeding 
the maximum available current. 

Assume that the voltage applied to a load is V = 2082 —30° V and the current flow- 

ing through the load is I = 52.15° A. 

(a) Calculate the complex power S consumed by this load. 

(b) Is this load inductive or capacitive? 

(c) Calculate the power factor of this load. 
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f (ms) 


FIGURE P1-12 
Plot of flux @ as a function of time for Problem 1-16. 


FIGURE P1-13 
The core of Problem 1-17. 


(d) Calculate the reactive power consumed or supplied by this load. Does the load 
consume reactive power from the source or supply it to the source? 
1-19. Figure P1—14 shows a simple single-phase ac power system with three loads. The 
voltage source is V = 12020° V, and the impedances of the three loads are 


Z,=52302 Z=5245°Q Z,=52-90°2 


Answer the following questions about this power system. 
(a) Assume that the switch shown in the figure is open, and calculate the current I, 


the power factor, and the real, reactive, and apparent power being supplied by 
the load. 
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(b) Assume that the switch shown in the figure is closed, and calculate the current 
I, the power factor, and the real, reactive, and apparent power being supplied by 
the load. 

(c) What happened to the current flowing from the source when the switch closed? 
Why? 


FIGURE PI1-14 
The circuit of Problem 1-19. 


1-20. Demonstrate that Equation (1-59) can be derived from Equation (1-58) using the 
simple trigonometric identities: 


P(t) = v(Hi(t) = 2VI cos wt cos(wt — 6) (1-58) 
P(t) = Vicos 6 (1 + cos 2wf) + Vi sin 6 sin 2et (1-59) 


1-21. The linear machine shown in Figure P1-15 has a magnetic flux density of 0.5 T 
directed into the page, a resistance of 0.25 ©, a bar length / = 1.0 m, and a battery 
voltage of 100 V. 

(a) What is the initial force on the bar at starting? What is the initial current flow? 

(b) What is the no-load steady-state speed of the bar? 

(c) If the bar is loaded with a force of 25 N opposite to the direction of motion, 
what is the new steady-state speed? What is the efficiency of the machine under 
these circumstances? 


0252 i 


FIGURE P1-15 
The linear machine in Problem 1-21. 


1-22. A linear machine has the following characteristics: 
B = 0.33 T into page R=0.500 
{=05m Vz = 120 V 
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(a) If this bar has a load of 10 N attached to it opposite to the direction of motion, 
what is the steady-state speed of the bar? 

(}) If the bar runs off into a region where the flux density falls to 0.30 T, what hap- 
pens to the bar? What is its final steady-state speed? 

(c) Suppose Vp is now decreased to 80 V with everything else remaining as in 
part b. What is the new steady-state speed of the bar? 

(d) From the results for parts b and c, what are two methods of controlling the 
speed of a linear machine (or a real dc motor)? 
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CHAPTER 


TRANSFORMERS 


A transformer is a device that changes ac electric power at one voltage level to ac 
electric power at another voltage level through the action of a magnetic field. It 
consists of two or more coils of wire wrapped around a common ferromagnetic 
core. These coils are (usually) not directly connected. The only connection be- 
tween the coils is the common magnetic flux present within the core. 


FIGURE 2-1 
The first practical modern transformer, built by William Stanley in 1885. Note that the core is made 
up of individual sheets of metal (laminations). (Courtesy of General Electric Company.) 
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One of the transformer windings is connected to a source of ac electric 
power, and the second (and perhaps third) transformer winding supplies electric 
power to loads. The transformer winding connected to the power source is called 
the primary winding or input winding, and the winding connected to the loads is 
called the secondary winding or output winding. If there is a third winding on the 
transformer, it is called the tertiary winding. 


2.1 WHY TRANSFORMERS ARE 
IMPORTANT TO MODERN LIFE 


The first power distribution system in the United States was a 120-V dc system in- 
vented by Thomas A. Edison to supply power for incandescent light bulbs. Edi- 
son’s first central power station went into operation in New York City in Septem- 
ber 1882. Unfortunately, his power system generated and transmitted power at 
such low voltages that very large currents were necessary to supply significant 
amounts of power. These high currents caused huge voltage drops and power 
losses in the transmission lines, severely restricting the service area of a generat- 
ing station. In the 1880s, central power stations were located every few city blocks 
to overcome this problem. The fact that power could not be transmitted far with 
low-voltage dc power systems meant that generating stations had to be small and 
localized and so were relatively inefficient. 

The invention of the transformer and the concurrent development of ac 
power sources eliminated forever these restrictions on the range and power level 
of power systems. A transformer ideally changes one ac voltage level to another 
voltage level without affecting the actual power supplied. If a transformer steps up 
the voltage level of a circuit, it must decrease the current to keep the power into 
the device equal to the power out of it. Therefore, ac electric power can be gener- 
ated at one central location, its voltage stepped up for transmission over long dis- 
tances at very low losses, and its voltage stepped down again for final use. Since 
the transmission losses in the lines of a power system are proportional to the 
square of the current in the lines, raising the transmission voltage and reducing the 
resulting transmission currents by a factor of 10 with transformers reduces power 
transmission losses by a factor of 100. Without the transformer, it would simply 
not be possible to use electric power in many of the ways it is used today. 

In a modern power system, electric power is generated at voltages of 12 to 
25 kV. Transformers step up the voltage to between 110 kV and nearly 1000 kV for 
transmission over long distances at very low losses. Transformers then step down 
the voltage to the 12- to 34.5-kV range for local distribution and finally permit the 
power to be used safely in homes, offices, and factories at voltages as low as 120 V. 


2.2 TYPES AND CONSTRUCTION 
OF TRANSFORMERS 


The principal purpose of a transformer is to convert ac power at one voltage level 
to ac power of the same frequency at another voltage level. Transformers are also 
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vp (8) v, (0) 


FIGURE 2-2 
Core-form transformer construction. 


used for a variety of other purposes (e.g., voltage sampling, current sampling, and 
impedance transformation), but this chapter is primarily devoted to the power 
transformer. 

Power transformers are constructed on one of two types of cores. One type 
of construction consists of a simple rectangular laminated piece of steel with the 
transformer windings wrapped around two sides of the rectangle. This type of 
construction is known as core form and is illustrated in Figure 2—2. The other type 
consists of a three-legged laminated core with the windings wrapped around the 
center leg. This type of construction is known as shell form and is illustrated in 
Figure 2-3. In either case, the core is constructed of thin laminations electrically 
isolated from each other in order to minimize eddy currents. 

The primary and secondary windings in a physical transformer are wrapped 
one on top of the other with the low-voltage winding innermost. Such an arrange- 
ment serves two purposes: 


1. It simplifies the problem of insulating the high-voltage winding from the core. 


2. It results in much less leakage flux than would be the case if the two windings 
were separated by a distance on the core. 


Power transformers are given a variety of different names, depending on 
their use in power systems. A transformer connected to the output of a generator 
and used to step its voltage up to transmission levels (110+ kV) is sometimes 
called a unit transformer. The transformer at the other end of the transmission line, 
which steps the voltage down from transmission levels to distribution levels (from 
2.3 to 34.5 kV), is called a substation transformer. Finally, the transtormer that 
takes the distribution voltage and steps it down to the final voltage at which the 
power is actually used (110, 208, 220 V, etc.) is called a distribution transformer. 
All these devices are essentially the same—the only difference among them is 
their intended use. 
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(a) (b) 


FIGURE 2-3 
(a) Shell-form transformer construction. (b) A typical shell-form transformer. (Courtesy of General 
Electric Company.) 


In addition to the various power transformers, two special-purpose trans- 
formers are used with electric machinery and power systems. The first of these 
special transformers is a device specially designed to sample a high voltage and 
produce a low secondary voltage directly proportional to it. Such a transformer is 
called a potential transformer. A power transformer also produces a secondary 
voltage directly proportional to its primary voltage; the difference between a po- 
tential transformer and a power transformer is that the potential transformer is de- 
signed to handle only a very small current. The second type of special transformer 
is a device designed to provide a secondary current much smaller than but directly 
proportional to its primary current. This device is called a current transformer. 
Both special-purpose transformers are discussed in a later section of this chapter. 


2.3 THE IDEAL TRANSFORMER 


An ideal transformer is a lossless device with an input winding and an output 
winding. The relationships between the input voltage and the output voltage, and 
between the input current and the output current, are given by two simple equa- 
tions. Figure 2-4 shows an ideal transformer. 

The transformer shown in Figure 2—4 has Np turns of wire on its primary 
side and N; turns of wire on its secondary side. The relationship between the volt- 
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(b) 
FIGURE 2-4 


(a) Sketch of an ideal transformer. (b) Schematic symbols of a transformer. 


age v,(t) applied to the primary side of the transformer and the voltage v(t) pro- 
duced on the secondary side is 


vp(t) — Np _ 
fo = N74 (2-1) 


where a is defined to be the turns ratio of the transformer: 


ae 2-2 
a=. (2-2) 
The relationship between the current ip(t) flowing into the primary side of the trans- 


former and the current i;(f) flowing out of the secondary side of the transformer is 


Npip(t) = Nejs(t) (2-3a) 


it) _ 


1 = 
or Ord (2-3b) 
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In terms of phasor quantities, these equations are 


Vp _ 
Yoo (2-4) 
Ip _d 

and : ar (2-5) 


Notice that the phase angle of Vp is the same as the angle of V; and the phase an- 
gle of Ip is the same as the phase angle of I;. The turns ratio of the ideal trans- 
former affects the magnitudes of the voltages and currents, but not their angles. 

Equations (2-1) to (2-5) describe the relationships between the magnitudes 
and angles of the voltages and currents on the primary and secondary sides of the 
transformer, but they leave one question unanswered: Given that the primary cir- 
cuit’s voltage is positive at a specific end of the coil, what would the polarity of 
the secondary circuit’s voltage be? In real transformers, it would be possible to tell 
the secondary’s polarity only if the transformer were opened and its windings ex- 
amined. To avoid this necessity, transformers utilize the dot convention. The dots 
appearing at one end of each winding in Figure 2-4 tell the polarity of the voltage 
and current on the secondary side of the transformer. The relationship is as 
follows: 


1. If the primary voltage is positive at the dotted end of the winding with respect 
to the undotted end, then the secondary voltage will be positive at the dotted 
end also. Voltage polarities are the same with respect to the dots on each side 
of the core. 


2. If the primary current of the transformer flows into the dotted end of the pri- 
mary winding, the secondary current will flow out of the dotted end of the 
secondary winding. 


The physical meaning of the dot convention and the reason polarities work out 
this way will be explained in Section 2.4, which deals with the real transformer. 


Power in an Ideal Transformer 


The power supplied to the transformer by the primary circuit is given by the 


equation 
Pi, = Vplp cos Op (2-6) 


where @p is the angle between the primary voltage and the primary current. The 
power supplied by the transformer secondary circuit to its loads is given by the 


equation 
Pon = Vsls cos Os (2-7) 
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where @, is the angle between the secondary voltage and the secondary current. 
Since voltage and current angles are unaffected by an ideal transformer, @p— 6, = @. 
The primary and secondary windings of an ideal transformer have the same power 
factor. 

How does the power going into the primary circuit of the ideal transformer 
compare to the power coming out of the other side? It is possible to find out 
through a simple application of the voltage and current equations [Equations (2-4) 
and (2-5)]. The power out of a transformer is 


Pon = Vsls cos 6 (2-8) 


Applying the turns-ratio equations gives Vs = Vp/a and I; = alp, so 
Vp 
Pou = Gq (alp) cos 6 


Pout = Vplp cos @ = Ein (2-9) 


Thus, the output power of an ideal transformer is equal to its input power. 
The same relationship applies to reactive power Q and apparent power S: 


Qin = Vpfp sin @ = Vsigsin @ = Qou (2-10) 
and Sin = Vplp = Vols = Sai (2-11) 


Impedance Transformation through a Transformer 


The impedance of a device or an element is defined as the ratio of the phasor volt- 
age across it to the phasor current flowing through it: 


Z, =~ (2-12) 


One of the interesting properties of a transformer is that, since it changes voltage 
and current levels, it changes the ratio between voltage and current and hence the 
apparent impedance of an element. To understand this idea, refer to Figure 2—5. If 
the secondary current is called I; and the secondary voltage Vs, then the imped- 
ance of the load is given by 


Vs 
Z, = TT. (2-13) 
S 
The apparent impedance of the primary circuit of the transformer is 
zi =¥ 
i= 4, (2-14) 


Since the primary voltage can be expressed as 


Vp = avs 
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FIGURE 2-5 


(a) Definition of impedance. (b) Impedance scaling through a transformer. 


and the primary current can be expressed as 
I; 


IPp=7 


the apparent impedance of the primary is 


Z, = @Z, (2-15) 


With a transformer, it is possible to match the magnitude of a load imped- 
ance to a source impedance simply by picking the proper turns ratio. 


Analysis of Circuits Containing Ideal Transformers 


If a circuit contains an ideal transformer, then the easiest way to analyze the cir- 
cuit for its voltages and currents is to replace the portion of the circuit on one side 
of the transformer by an equivalent circuit with the same terminal characteristics. 
After the equivalent circuit has been substituted for one side, then the new circuit 
(without a transformer present) can be solved for its voltages and currents. In the 
portion of the circuit that was not replaced, the solutions obtained will be the cor- 
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line 0-180 j0.240 


|! load 


V =48040°V 


(b) 


FIGURE 2-6 
The power system of Example 2-1 (a) without and (b) with transformers at the ends of the 
transmission line. 


rect values of voltage and current for the original circuit. Then the turns ratio of 
the transformer can be used to determine the voltages and currents on the other 
side of the transformer. The process of replacing one side of a transformer by its 
equivalent at the other side’s voltage level is known as referring the first side of 
the transformer to the second side. 

How is the equivalent circuit formed? Its shape is exactly the same as the 
shape of the original circuit. The values of voltages on the side being replaced are 
scaled by Equation (2-4), and the values of the impedances are scaled by Equa- 
tion (2-15). The polarities of voltage sources in the equivalent circuit will be re- 
versed from their direction in the original circuit if the dots on one side of the 
transformer windings are reversed compared to the dots on the other side of the 
transformer windings. 

The solution for circuits containing ideal transformers is illustrated in the 
following example. 


Example 2-1. A single-phase power system consists of a 480-V 60-Hz gen- 
erator supplying a load Ziq = 4 + j3 Q through a transmission line of impedance 
Zine = 0.18 + 70.24 1. Answer the following questions about this system. 


(a) If the power system is exactly as described above (Figure 2—6a), what will the 
voltage at the load be? What will the transmission line losses be? 
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(b) Suppose a 1:10 step-up transformer is placed at the generator end of the trans- 
mission line and a 10:1 step-down transformer is placed at the load end of the 
line (Figure 2—6b). What will the load voltage be now? What will the transmis- 
sion line losses be now? 


Solution 
(a) Figure 2-6a shows the power system without transformers. Here Ig = Ting = 
Toad: Lhe line current in this system is given by 


| eee ee 
Me Zee F Zions 
_ 480 20° V 
(0.18 + 70.249) + 40 +730) 
— _480 20° _ _ 480 20° | 


~ 4,18 + 73.24 5.29 .237.8° 
= 90.8 Z—37.8°A 


Therefore the load voltage is 
Vioad = Nine“toad 

= (90.8 2 —37.8° A)(‘4 9 + j3. 0) 

= (90.8 7 —37.8° A)(5 236.9° D) 

= 454 7-0.9° V 
and the line losses are 

Pross = Cine) Rtine 
= (90.8 AY (0.18 QO) = 1484 W 


(b) Figure 2-6b shows the power system with the transformers. To analyze this sys- 
tem, il is necessary to convert it to a common voltage level. This is done in two 
steps: 


1. Eliminate transformer 7, by referring the load over to the transmission line’s 
voltage level. 


2. Eliminate transformer 7, by referring the transmission line’s elements and 
the equivalent load at the transmission line’s voltage over to the source side. 


The value of the load’s impedance when reflected to the transmission system’s 
voltage is 


Zioad = 2 Zions 
= (10)'¢4 
= 4002 + 73000 
The total impedance at the transmission line level 1s now 
Zea = Zine + Z ioad 
= 400.18 + {300.24 M2 = 500.3 2 36.88° N 
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V = 480 2 0°V Lig 0.18 2 j0.242 


(a) 


0.0018 2 {0.0024 


Equivalent circuit 


ib) 


FIGURE 2-7 
(a) System with the load referred to the transmission system voltage level. (b) System with the load 
and transmission line referred to the generator’s voltage level. 


This equivalent circuit is shown in Figure 2—7a. The total impedance at the transmission 
line level (Zine + Zjoag) is now reflected across 7, to the source’s voltage level: 


Zi, = a Zo 
= @ (Line ae Z\oad) 
2 
= (3) (0.18 Q + j0.24 Q + 400.0 + j300 0) 
= (0.0018 2 + 70.0024 + 40 + 73.0) 


= 5.003 236.88° 2 


Notice that Zig = 4 + j3 O and Zj,. = 0.0018 + j0.0024 2. The resulting equivalent cir- 
cuit is shown in Figure 2-7b. The generator ’s current is 
480 40° V 


Ig = 5.003 736.88°O) ~ 95.94 2—36.88° A 


Knowing the current Ig, we can now work back and find Ij, and I,,.4. Working back 
through 7), we get 
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Nelg = Nsihine 


= 5 (95.94 Z—36.88° A) = 9.594 2—36.88° A 


Working back through T, gives 
Npohine = Nsallioaa 
N 
Toad = Ney Hin 
_ 10 
1 


(9.594 2—36.88° A) = 95.94 Z—36.88° A 


It is now possible to answer the questions originally asked. The load voltage is given by 


Vioad = Not Aoad 
= (95.94 7—36.88° A)(5 236.87° 2) 


= 479.7 Z—0.01° V 


and the line losses are given by 


Pross = ine)’ Riine 
= (9.594 A)? (0.18 O) = 16.7 W 


Notice that raising the transmission voltage of the power system reduced 
transmission losses by a factor of nearly 90! Also, the voltage at the load dropped 
much less in the system with transformers compared to the system without trans- 
formers. This simple example dramatically illustrates the advantages of using 
higher-voltage transmission lines as well as the extreme importance of transform- 
ers in modern power systems. 


2.4 THEORY OF OPERATION OF REAL 
SINGLE-PHASE TRANSFORMERS 


The ideal transformers described in Section 2.3 can of course never actually be 
made. What can be produced are real transformers—two or more coils of wire 
physically wrapped around a ferromagnetic core. The characteristics of a real 
transformer approximate the characteristics of an ideal transformer, but only toa 
degree. This section deals with the behavior of real transformers. 

To understand the operation of a real transformer, refer to Figure 2-8. Fig- 
ure 2-8 shows a transformer consisting of two coils of wire wrapped around a 
transformer core. The primary of the transformer is connected to an ac power 
source, and the secondary winding is open-circuited. The hysteresis curve of the 
transformer is shown in Figure 2-9. 
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FIGURE 2-8 
Sketch of a real transformer with no load attached to its secondary. 


@ Flux 


Magnetomotive force 
F 


FIGURE 2-9 
The hysteresis curve of the transformer. 


The basis of transformer operation can be derived from Faraday’s law: 


dh 


ind = dt (1-41) 


e 


where A is the flux linkage in the coil across which the voltage is being induced. 
The flux linkage A is the sum of the flux passing through each turn in the coil 
added over all the turns of the coil: 


N 
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The total flux linkage through a coil is not just N@, where N is the number of turns 
in the coil, because the flux passing through each turn of a coil is slightly differ- 
ent from the flux in the other turns, depending on the position of the turn within 
the coil. 

However, it is possible to define an average flux per turn in a coil. If the 
total flux linkage in all the turns of the coils is A and if there are N turns, then the 
average flux per turn is given by 


g=4 (2-16) 
db (2-17) 


The Voltage Ratio across a Transformer 


If the voltage of the source in Figure 2-8 is vp(f), then that voltage is placed di- 
rectly across the coils of the primary winding of the transformer. How will the 
transformer react to this applied voltage? Faraday’s law explains what will hap- 
pen. When Equation (2—17) is solved for the average flux present in the primary 
winding of the transformer, the result is 


b = 5, |vp(t) at (2-18) 
P 


This equation states that the average flux in the winding is proportional to the in- 
tegral of the voltage applied to the winding, and the constant of proportionality is 
the reciprocal of the number of turns in the primary winding 1/Np. 

This flux is present in the primary coil of the transformer. What effect does 
it have on the secondary coil of the transformer? The effect depends on how much 
of the flux reaches the secondary coil. Not all the flux produced in the primary 
coil also passes through the secondary coil—some of the flux lines leave the iron 
core and pass through the air instead (see Figure 2-10). The portion of the flux 
that goes through one of the transformer coils but not the other one is called /eak- 
age flux. The flux in the primary coil of the transformer can thus be divided into 
two components: a mutual flux, which remains in the core and links both wind- 
ings, and a small leakage flux, which passes through the primary winding but re- 
turns through the air, bypassing the secondary winding: 


bp = dy + dp (2-19) 


where  @p = total average primary flux 
dy = flux component linking both primary and secondary coils 
@_p = primary leakage flux 
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FIGURE 2-10 
Mutual and leakage fluxes in a transformer core. 


There is a similar division of flux in the secondary winding between mutual flux 
and leakage flux which passes through the secondary winding but returns through 
the air, bypassing the primary winding: 


(2-20) 


where fs = Lotal average secondary flux 


ou 
P.s 


With the division of the average primary flux into mutual and leakage com- 
ponents, Faraday’s law for the primary circuit can be reexpressed as 


flux component linking both primary and secondary coils 
secondary leakage flux 


vp(t) = Np 
_ 4, by dbp 
= NP + Np dt (2-21) 


The first term of this expression can be called ep(f), and the second term can be 
called é, p(t). If this is done, then Equation (2-21) can be rewritten as 


vo(t) = ep{f) + e; p(t) (2-22) 
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The voltage on the secondary coil of the transformer can also be expressed 
in terms of Faraday’s law as 


| dd 
ve(t) = Ns 
d d. 
= neon + noes (2-23) 
= e5(f) + e, s(t) (2-24) 


The primary voltage due to the mutual flux is given by 
a 
ép(t) = Np— (2-25) 
and the secondary voltage due to the mutual flux is given by 
d 
e,(f) = Not (2-26) 


Notice from these two relationships that 
addy _ &stt) 


Therefore, 
at = oa. =o (2-27) 


This equation means that the ratio of the primary voltage caused by the mutual 
flux to the secondary voltage caused by the mutual flux is equal to the turns ratio 
of the transformer. Since in a well-designed transformer ¢@y >> gd p and 
dy >> ds, the ratio of the total voltage on the primary of a transformer to the to- 
tal voltage on the secondary of a transformer is approximately 


VAD DB a 2-28 
vf) — Ng > a ( ) 


The smaller the leakage fluxes of the transformer are, the closer the total trans- 
former voltage ratio approximates that of the ideal transformer discussed in Sec- 
tion 2.3. 


The Magnetization Current in a Real Transformer 


When an ac power source is connected to a transformer as shown in Figure 2-8, a 
current flows in its primary circuil, even when the secondary circuit is open- 
circuited. This current is the current required to produce flux in a real ferromag- 
netic core, as explained in Chapter 1. It consists of two components: 
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1. The magnetization current iy, which is the current required to produce the 
flux in the transformer core 


2. The core-loss current i,,,, which is the current required to make up for hys- 
teresis and eddy current losses 


Figure 2-11 shows the magnetization curve of a typical transformer core. If 
the flux in the transformer core is known, then the magnitude of the magnetization 
current can be found directly from Figure 2-11. 

Ignoring for the moment the effects of leakage flux, we see that the average 
flux in the core is given by 


= 1 ; 
o= Np | vptnar (2-18) 


If the primary voltage is given by the expression vp(t) = Vy cos wt V, then the re- 
sulting flux must be 


d= Np Vi COS wot dt 


_ YH 


= oN» sin wf Wb (2-29) 


If the values of current required to produce a given flux (Figure 2—11a) are com- 
pared to the flux in the core at different times, it is possible to construct a sketch 
of the magnetization current in the winding on the core. Such a sketch is shown in 
Figure 2-11b. Notice the following points about the magnetization current: 


1. The magnetization current in the transformer is not sinusoidal. The higher- 
frequency components in the magnetization current are due to magnetic sat- 
uration in the transformer core. 


2. Once the peak flux reaches the saturation point in the core, a small increase 
in peak flux requires a very large increase in the peak magnetization current. 


3. The fundamental component of the magnetization current lags the voltage ap- 
plied to the core by 90°. 


4. The higher-frequency components in the magnetization current can be quite 
large compared to the fundamental component. In general, the further a trans- 
former core is driven into saturation, the larger the harmonic components will 
become. 


The other component of the no-load current in the transformer is the current 
required to supply power to make up the hysteresis and eddy current losses in the 
core. This is the core-loss current. Assume that the flux in the core is sinusoidal. 
Since the eddy currents in the core are proportional to dd/dt, the eddy currents are 
largest when the flux in the core is passing through O Wb. Therefore, the core-loss 
current is greatest as the flux passes through zero. The total current required to 
make up for core losses is shown in Figure 2-12. 


. Wb 


#, A «turns 


{a) 


volt) (ft) 
ane 


FIGURE 2-11 
(a) The magnetization curve of the transformer core. (b) The magnetization current caused by the 
flux in the transformer core. 
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FIGURE 2-12 
The core-loss current in a transformer. 


FIGURE 2-13 
The total excitation current in a transformer. 


Notice the following points about the core-loss current: 


1. The core-loss current is nonlinear because of the nonlinear effects of hysteresis. 


2. The fundamental component of the core-loss current is in phase with the volt- 
age applied to the core. 


The total no-load current in the core is called the excitation current of the 
transformer. It is just the sum of the magnetization current and the core-loss cur- 
rent in the core: 


inn = hin + inte (2-30) 


The total excitation current in a typical transformer core is shown in Figure 2-13. 
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FIGURE 2-14 
A real transformer with a load connected to its secondary. 


The Current Ratio on a Transformer and the 
Dot Convention 


Now suppose that a load is connected to the secondary of the transformer. The re- 
sulting circuit is shown in Figure 2-14. Notice the dots on the windings of the 
transformer. As in the ideal transformer previously described, the dots help deter- 
mine the polarity of the voltages and currents in the core without having physi- 
cally to examine its windings. The physical significance of the dot convention is 
that @ current flowing into the dotted end of a winding produces a positive mag- 
netomotive force ¥, while a current flowing into the undotted end of a winding 
produces a negative magnetomotive force. Therefore, two currents flowing into 
the dotted ends of their respective windings produce magnetomotive forces that 
add. If one current flows into a dotted end of a winding and one flows out of a dot- 
ted end, then the magnetomotive forces will subtract from each other. 

In the situation shown in Figure 2-14, the primary current produces a posi- 
tive magnetomotive force #p = Npip, and the secondary current produces a neg- 
alive magnetomotive force #, = —Nsis. Therefore, the net magnetomotive force 
on the core must be 


Fer = Npip — Neis (2-31) 


This net magnetomotive force must produce the net flux in the core, so the net 
magnetomotive force must be equal to 


Fact 7 Npip = Neis =¢ R (2-32) 
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FIGURE 2-15 
The magnetization curve of an ideal 
transformer. 


where & is the reluctance of the transformer core. Because the reluctance of a well- 
designed transformer core is very small (nearly zero) until the core is saturated, the 
relationship between the primary and secondary currents is approximately 


F et = Npip = Ngis = 0 (2-33) 


as long as the core is unsaturated. Therefore, 
2-9 


| 
or 7 = Np sae (2-35) 


It is the fact that the magnetomotive force in the core is nearly zero which gives 
the dot convention the meaning in Section 2.3. In order for the magnetomotive 
force to be nearly zero, current must flow into one dotted end and out of the other 
dotted end. The voltages must be built up in the same way with respect to the dots 
on each winding in order to drive the currents in the direction required. (The po- 
larity of the voltages can also be determined by Lenz’ law it the construction of 
the transformer coils is visible.) 

What assumptions are required to convert a real transformer into the ideal 
transformer described previously? They are as follows: 


1. The core must have no hysteresis or eddy currents. 

2. The magnetization curve must have the shape shown in Figure 2-15. Notice 
that for an unsaturated core the net magnetomotive force ¥,., = 0, implying 
that Nptp = Nols. 

3. The leakage flux in the core must be zero, implying that all the flux in the 
core couples both windings. 

4. The resistance of the transformer windings must be zero. 
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While these conditions are never exactly met, well-designed power transformers 
can come quile close. 


2.5 THE EQUIVALENT CIRCUIT OF 
A TRANSFORMER 


The losses that occur in real transformers have to be accounted for in any accurate 
model of transformer behavior. The major items to be considered in the construc- 
tion of such a model are 


1. Copper (FR) losses. Copper losses are the resistive heating losses in the pri- 
mary and secondary windings of the transformer. They are proportional to the 
square of the current in the windings. 


2. Eddy current losses. Eddy current losses are resistive heating losses in the 


core of the transformer. They are proportional to the square of the voltage ap- 
plied to the transformer. 


Sad 


Hysteresis losses. Hysteresis losses are associated with the rearrangement of 
the magnetic domains in the core during each half-cycle, as explained in 
Chapter |. They are a complex, nonlinear function of the voltage applied to 
the transformer. 


4. Leakage flux. The fluxes @,p and ¢,, which escape the core and pass through 
only one of the transformer windings are leakage fluxes. These escaped 
fluxes produce a self-inductance in the primary and secondary coils, and the 
effects of this inductance must be accounted for. 


The Exact Equivalent Circuit of a 
Real Transformer 


It is possible to construct an equivalent circuit that takes into account all the ma- 
jor imperfections in real transformers. Each major imperfection is considered in 
turn, and its effect is included in the transformer model. 

The easiest effect to model is the copper losses. Copper losses are resistive 
losses in the primary and secondary windings of the transformer core. They are 
modeled by placing a resistor Rp in the primary circuit of the transformer and a re- 
sistor Ry in the secondary circuit. 

As explained in Section 2.4, the leakage flux in the primary windings ¢,p 
produces a voltage ,p given by 


d 
éypt) = Np (2-36a) 
and the leakage flux in the secondary windings @s produces a voltage é,s; given by 


d 
€is() = Ng As 


at (2—36b) 
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Since much of the leakage flux path is through air, and since air has a constant re- 
luctance much higher than the core reluctance, the flux ¢,p is directly proportional 
to the primary circuit current ip and the flux ¢,s is directly proportional to the sec- 
ondary current is: 


Pip = (PNp)ip (2-37a) 
P15 = (PNs)is (2-37b) 
where & = permeance of flux path 


Np = number of turns on primary coil 
Ns = number of turns on secondary coil 


Substitute Equations (2-37) into Equations (2-36). The result is 
ad 
dt 


dip 


€,pit) = Np at 


(PNp)ip = N2 (2-38a) 


d : dis 


The constants in these equations can be lumped together. Then 


di 
e_plt) = Lege (2-39a) 
| di 
eis(t) =Ls3 (2-39b) 


where Lp = N#® is the self-inductance of the primary coil and L, = N? is the 
self-inductance of the secondary coil. Therefore, the leakage flux will be modeled 
by primary and secondary inductors. 

How can the core excitation effects be modeled? The magnetization current 
i, is a Current proportional (in the unsaturated region) to the voltage applied to the 
core and lagging the applied voltage by 90°, so it can be modeled by a reactance 
Xy connected across the primary voltage source. The core-loss current 1,4, is a 
current proportional to the voltage applied to the core that is in phase with the ap- 
plied voltage, so it can be modeled by a resistance Re connected across the pri- 
mary voltage source. (Remember that both these currents are really nonlinear, so 
the inductance Xy and the resistance Re are, at best, approximations of the real ex- 
citation effects.) 

The resulting equivalent circuit is shown in Figure 2-16. Notice that the ele- 
ments forming the excitation branch are placed inside the primary resistance Rp and 
the primary inductance Lp. This is because the voltage actually applied to the core 
is really equal to the input voltage less the internal voltage drops of the winding. 

Although Figure 2—16 is an accurate model of a transformer, it is not a very 
useful one. To analyze practical circuits containing transformers, it is normally 
necessary to convert the entire circuit to an equivalent circuit at a single voltage 
level. (Such a conversion was done in Example 2-1.) Therefore, the equivalent 
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The model of a real transformer. 
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(a) The transformer model referred to its primary voltage level. (b) The transformer model referred 
to its secondary voltage level. 


circuit must be referred either to its primary side or to its secondary side in 
problem solutions. Figure 2—17a is the equivalent circuit of the transformer re- 
ferred to its primary side, and Figure 2—17b is the equivalent circuit referred to its 
secondary side. 
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Approximate Equivalent Circuits of a Transformer 


The transformer models shown before are often more complex than necessary in 
order to get good results in practical engineering applications. One of the princi- 
pal complaints about them is that the excitation branch of the model adds another 
node to the circuit being analyzed, making the circuit solution more complex than 
necessary. The excitation branch has a very small current compared to the load 
current of the transformers. In fact, it is so small that under normal circumstances 
it causes a completely negligible voltage drop in Rp and Xp. Because this is true, a 
simplified equivalent circuit can be produced that works almost as well as the 
original model. The excitation branch is simply moved to the front of the trans- 
former, and the primary and secondary impedances are left in series with each 
other. These impedances are just added, creating the approximate equivalent cir- 
cuits in Figure 2—18a and b. 

In some applications, the excitation branch may be neglected entirely with- 
oul causing serious error. In these cases, the equivalent circuit of the transformer 
reduces to the simple circuits in Figure 2-18c and d. 


alp R ix 


(a) Reap = Rp + aR, (b) Regs = = +R 
Xeap = Xp + a°X, Xp 
Xeqs = a + Xx; 
Ip 4 alp ; I 
— Reap IXeqp _—— _ Regs jXeqs 5 


+ o—AAA,—°YYr—_0 + + o—AA A, YY Y1—®@_\_o+ 


Vp av, P v, 
a 
te te, i 
(©) (d) 
FIGURE 2-18 


Approximate transformer models. (a) Referred to the primary side; (b) referred to the secondary 
side. (Cc) with no excitation branch, referred to the primary side: (d) with no excitation branch, 
referred to the secondary side. 
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FIGURE 2-19 
Connection for transformer open-circuit test. 


Determining the Values of Components in the 
Transformer Model 


It is possible to experimentally determine the values of the inductances and resis- 
tances in the transformer model. An adequate approximation of these values can 
be obtained with only two tests, the open-circuit test and the short-circuit test. 

In the open-circuit test, a transformer’s secondary winding is open- 
circuited, and its primary winding is connected to a full-rated line voltage. Look 
at the equivalent circuit in Figure 2-17. Under the conditions described, all the in- 
put current must be flowing through the excitation branch of the transformer. The 
series elements Rp and Xp are too small in comparison to Re and Xy to cause a sig- 
nificant voltage drop, so essentially all the input voltage is dropped across the ex- 
citation branch. 

The open-circuit test connections are shown in Figure 2-19. Full line volt- 
age is applied to the primary of the transformer, and the input voltage. input cur- 
rent, and input power to the transformer are measured. From this information, it is 
possible to determine the power factor of the input current and therefore both the 
magnitude and the angle of the excitation impedance. 

The easiest way to calculate the values of Re and Xy is to look first at the 
admittance of the excitation branch. The conductance of the core-loss resistor is 
given by 


ae Ne 
Go = Ro (2-40) 
and the susceptance of the magnetizing inductor is given by 
sich 
By = Xu (2-41) 


Since these two elements are in parallel, their admittances add, and the total exci- 
tation admittance is 
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FIGURE 2-20 
Connection for transformer short-circuit test. 


Yr, = Gc — jBy (2-42) 
oo ected 7 
= Re IX, (2-43) 


The magnitude of the excitation admittance (referred to the primary circuit) 
can be found from the open-circuit test voltage and current: 


I 
Yel = yo (2-44) 


The angie of the admittance can be found from a knowledge of the circuit power 
factor. The open-circuit power factor (PF) is given by 


P 
PF = cos 9 = — %& (2-45) 
Voc loc 


and the power-factor angle @ is given by 


P. 
@= cos! — (2-46) 
Yocloc 
The power factor is always lagging for a real transformer, so the angle of the current 
always lags the angle of the voltage by @ degrees. Therefore, the admittance Yz is 


I 
Yr = V,. 479 


L 
= Tas Z—cos~! PF (2-47) 
Oc 


By comparing Equations (2-43) and (2-47), itis possible to determine the values 
of Re and X,, directly from the open-circuit test data. 

In the short-circuit test, the secondary terminals of the transformer are short- 
circuited, and the primary terminals are connected to a fairly low-voltage source, as 
shown in Figure 2—20. The input voltage is adjusted until the current in the short- 
circuited windings is equal to its rated value. (Be sure to keep the primary voltage 
at a safe level. It would not be a good idea to burn out the transformer’s windings 
while trying to test it.) The input voltage, current, and power are again measured. 


92 ELECTRIC MACHINERY FUNDAMENTALS 


Since the input voltage is so low during the short-circuit test, negligible cur- 
rent flows through the excitation branch. If the excitation current is ignored, then 
all the voltage drop in the transformer can be attributed to the series elements in 
the circuit. The magnitude of the series impedances referred to the primary side of 
the transformer is 

Vsc 


IZse| = >-- (2-48) 
sc 


The power factor of the current is given by 


Psc 


PF = cos @ = 
Vsclse 


(2-49) 


and is lagging. The current angle is thus negative, and the overall impedance an- 
gle @ is positive: 


Pc 
6 = cos! 2-50 
Vsclsc : 
Therefore, 
ns SON UR ee 

Zsz = lec Z-0° Toc 26 (2-51) 

The series impedance Zs, is equal to 

Zsp = Reg + IXeq 

= (Rp + a*Rs) + j(Xp + Xs) (2-52) 


It is possible to determine the total series impedance referred to the primary 
side by using this technique, but there is no easy way to split the series impedance 
into primary and secondary components. Fortunately, such separation is not nec- 
essary to solve normal problems. 

These same tests may also be performed on the secondary side of the trans- 
former if it is more convenient to do so because of voltage levels or other reasons. 
If the tests are performed on the secondary side, the results will naturally yield the 
equivalent circuit impedances referred to the secondary side of the transformer in- 
stead of to the primary side. 


Example 2-2. The equivalent circuit impedances of a 20-kVA, 8000/240-V, 60-Hz 
transformer are to be determined. The open-circuit test and the short-circuit test were 
performed on the primary side of the transformer, and the following data were taken: 


Open-circuit test Short-circuit test 
(on primary) (on primary) 
Voc = 8000 V Vsc = 489 V 

loc = 0.214 A log = 2.54 


Voc = 400 W Peo = 240 W 
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Find the impedances of the approximate equivalent circuit referred to the primary side, and 
sketch that circuit. 


Solution 
The power factor during the open-circuit test is 


PF = cos @ = Foc 2-45 
= cos @ = Vocloc (2-45) 
ere 400 W 

cos ¢ = (8000 V\(0.214 A) 
= 0.234 lagging 


The excitation admittance is given by 


rf 
Y;= ra Z—cos! PF (2-47) 
oc 
= 2 4 £-cos"! 0.234 


= 0.0000268 2 —76.5° N 


= 0.000063 — j0.0000261 = 7 — fy 
Cc M 
Therefore, 
Re = aa = 159kN 
© ~ 0.0000063 
a rer 
Xu = 09000261 ~ 384k 
The power factor during the short-circuit test is 
PF 9 = 8 (2-49) 
= cos ¢ = os 
Vic Isc 
240 W 


= cos 6 = (489 V\(2.5 A) ~ 0.196 lagging 
The series impedance is given by 
Zse = WSC cos"! PF 
Ise 
_ 489 V 


~ 25A 
= 195.6 278.7° = 38.4 + f1920 


egret as ds 


Therefore, the equivalent resistance and reactance are 
Rg = 38.40 Xeq = 1920 


The resulting simplified equivalent circuit is shown in Figure 2-21. 
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3842 1920 


FIGURE 2-21 
The equivalent circuit of Example 2-2. 


2.6 THE PER-UNIT SYSTEM OF MEASUREMENTS 


As the relatively simple Example 2-1 showed, solving circuits containing trans- 
formers can be quite a tedious operation because of the need to refer all the dif- 
ferent voltage levels on different sides of the transformers in the system to a com- 
mon level. Only after this step has been taken can the system be solved for its 
voltages and currents. 

There is another approach to solving circuits containing transformers which 
eliminates the need for explicit voltage-level conversions at every transformer in 
the system. Instead, the required conversions are handled automatically by the 
method itself, without ever requiring the user to worry about impedance transfor- 
mations. Because such impedance transformations can be avoided, circuits con- 
taining many transformers can be solved easily with less chance of error. This 
method of calculation is known as the per-unit (pu) system of measurements. 

There is yet another advantage to the per-unit system that is quite significant 
for electric machinery and transformers. As the size of a machine or transformer 
varies, its internal impedances vary widely. Thus, a primary circuit reactance of 
0.1 might be an atrociously high number for one transformer and a ridiculously 
low number for another—it all depends on the device’s voltage and power ratings. 
However, it turns out that in a per-unit system related to the device’s ratings, ma- 
chine and transformer impedances fall within fairly narrow ranges for each type and 
construction of device. This fact can serve as a useful check in problem solutions. 

In the per-unit system, the voltages, currents, powers, impedances, and other 
electrical quantities are not measured in their usual SI units (volts, amperes, watts, 
ohms, etc.). Instead, each electrical quantity is measured as a decimal fraction of 
some base level. Any quantily can be expressed on a per-unit basis by the equation 


Actual value 


Quantity per unit = +36 value of quantity 


(2-53) 


where “actual value” is a value in volts, amperes, ohms, etc. 
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It is customary to select two base quantities to define a given per-unit sys- 
tem. The ones usually selected are voltage and power (or apparent power). Once 
these base quantities have been selected, all the other base values are related to 
them by the usual electrical laws. In a single-phase system, these relationships are 


P, base? Pbase? or Spase = Viase/base (2-54) 
14 

Louse = (2-55) 

base 
Voose = =bas! (2-56) 

Voase 

V, z 
and Zoase = Case)” - (2-57) 
ase 


Once the base values of S (or P) and V have been selected, all other base values 
can be computed easily from Equations (2-54) to (2-57). 

In a power system, a base apparent power and voltage are selected at a spe- 
cific point in the system. A transformer has no effect on the base apparent power 
of the system, since the apparent power into a transformer equals the apparent 
power out of the transformer [Equation (2-11)]. On the other hand, voltage 
changes when it goes through a transformer, so the value of V,,.. changes at every 
transformer in the system according to its turns ratio. Because the base quantities 
change in passing through a transformer, the process of referring quantities to a 
common voltage level is automatically taken care of during per-unit conversion. 


Example 2-3. A simple power system is shown in Figure 2-22. This system con- 
tains a 480-V generator connected to an ideal 1:10 step-up transformer, a transmission line, 
an ideal 20:1 step-down transformer, and a load. The impedance of the transmission line is 
20 + j60 2, and the impedance of the load is 10.730°2. The base values for this system are 
chosen to be 480 V and 10 kVA at the generator. 


(a) Find the base voltage, current, impedance, and apparent power at every point in 
the power system. 

(b) Convert this system to its per-unit equivalent circuit. 

(c) Find the power supplied to the load in this system. 

(d) Find the power lost in the transmission line. 


line 202 jon lie Zioad = 10 2 30°Q 
td 1:10 20:1 7 
6 e Zi. e e 
Ve Ca 480 20° V 
—_— OS ay ——_ 
Region 1 Region 2 Region 3 
FIGURE 2-22 


The power system of Example 2-3. 
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Solution 
(a) In the generator region, V,,,. = 480 V and S,,,. = 10 KVA, so 


The turns ratio of transformer 7; is a = 1/10 = 0.1, so the base voltage in the 
transmission line region is 


The other base quantities are 


Ssase? = 10KVA 
_ 10,000 VA _ 

Iease2 = 4800 Y= 2:083 A 
— 4800 V _ 

Zoe 2 = 2.983 4 ~ 7304 0 


The turns ratio of transformer T, is a = 20/1 = 20, so the base voltage in the 
load region is 


Vewse2 _ 4800 V 


Vine. = a 20 = 240V 
The other base quantities are 
Space? = 10kKVA 
10,000 VA 
Thase3? = 740. 41.67A 
_ 240V _ 


(b) To convert a power system to a per-unit system, each component must be di- 
vided by its base value in its region of the system. The generator 's per-unit volt- 
age is its actual value divided by its base value: 


_ 480.20° V 


Vepu = 480 V = 1.0 20° pu 


The transmission line's per-unit impedance is its actual value divided by its base 
value: 


20 + j600 


Ainepa = 73040 0.0087 + j0.0260 pu 


The loads per-unit impedance is also given by actual value divided by base value: 
10. 730° 0 
Licedpy = 570 - 1.736 230° pu 


The per-unit equivalent circuit of the power system is shown in Figure 2-23. 
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Tine 0.0087 pu j0.0260 pu 


ele 


| 

| 

| 

| 

| 

| | 
| Zioad = 1-736 Z 30° per unit 
| | 
| 

| 

| 

] 

| 


| 
| 
| 
| 
| 
Io, po= Hine, pu = Toa, pu Inu 


FIGURE 2-23 
The per-unit equivalent circuit for Example 2-3. 


(c) The current flowing in this per-unit power system is 
I. = Vou 
Z 


tot.pu 


_ 120° 
(0.0087 + j0.0260) + (1.736 230%) 


_ 120° 
~ (0.0087 + j0.0260) + (1.503 + j0.868) 


ee 1) eee PU 
1.512 + j0.894 1.757 230.6° 


= 0.569 2—30.6° pu 

Therefore, the per-unit power of the load is 

Paige = Fou = (0.569)?(1.503) = 0.487 
and the actual power supplied to the load is 

Frost = Froad.pu Spase = (0.487)(10,000 VA) 

= 4870 W 
(d) The per-unit power lost in the transmission line is 
Pig FR ine pu = (0.569)2(0.0087) = 0.00282 

and the actual power lost in the transmission line is 

Fine = FinepuSpase = (0.00282)(10,000 VA) 

= 28.2W 


When only one device (transformer or motor) is being analyzed, its own rat- 
ings are usually used as the base for the per-unit system. If a per-unit system based 
on the transformer’s own ratings is used, a power or distribution transformer’s 
characteristics will not vary much over a wide range of vollage and power ratings. 
For example, the series resistance of a transformer is usually about 0.01 per unit, 
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FIGURE 2-24 


(a) A typical 13.2-kV to 120/240-V distribution transformer. (Courtesy of General Electric 
Company.) (b) A cutaway view of the distribution transformer showing the shell-form transformer 
inside it. (Courtesy of General Electric Company.) 


and the series reactance is usually between 0.02 and 0.10 per unit. In general, the 
larger the transformer, the smaller the series impedances. The magnetizing reac- 
tance is usually between about 10 and 40 per unit, while the core-loss resistance is 
usually between about 50 and 200 per unit. Because per-unit values provide a con- 
venient and meaningful way to compare transformer characteristics when they are 
of different sizes, transformer impedances are normally given in per-unit or as a 
percentage on the transformer’s nameplate (see Figure 2—46, later in this chapter). 
The same idea applies to synchronous and induction machines as well: Their 
per-unit impedances fall within relatively narrow ranges over quite large size ranges. 
If more than one machine and one transformer are included in a single 
power system, the system base voltage and power may be chosen arbitrarily, but 
the entire system must have the same base. One common procedure is to choose 
the system base quantities to be equal to the base of the largest component in the 
system. Per-unit values given to another base can be converted to the new base by 
converting them to their actual values (volts, amperes, ohms, etc.) as an in- 
between step. Alternatively, they can be converted directly by the equations 
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FIGURE 2-25 
The per-unit equivalent circuit of Example 2-4. 


= Spase 1 
(P, Q, 5S) pu on base 2 (P, Q, S)pu on base 1 ¢ (2-58) 
base 2 


V 
Vou on base 2 — Vou on base | Tae (2-59) 
base 2 


= ease 1)°(Spase 2) 
(R, X, Z)ou onbase2 = (R, X, 2)ou on base l(Viase 3) (Shase 1) ae 


Example 2-4. Sketch the approximate per-unit equivalent circuit for the trans- 
former in Example 2-2. Use the transformer’s ratings as the system base. 


Solution 
The transformer in Example 2-2 is rated at 20 kVA, 8000/240 V. The approximate equiva- 
lent circuit (Figure 2-21) developed in the example was referred to the high-voltage side of 
the transformer, so to convert it to per-unit, the primary circuit base impedance must be 
found. On the primary, 


Vase | = 8000 V 
Ssace 1 = 20,000 VA 


Therefore, 
38.4 + j1920 : 
ZsE.pu = — 39000 - 0.012 + 0.06 pu 
_ 159kO | 
Row = 32009 ~ 49-7 pu 
38.4 kO 


Zuu = 39009, ~ 12 PU 


The per-unit approximate equivalent circuit, expressed to the transformer’s own base, is 
shown in Figure 2-25. 
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2.7 TRANSFORMER VOLTAGE 
REGULATION AND EFFICIENCY 


Because a real transformer has series impedances within it, the output voltage of 
a transformer varies with the load even if the input voltage remains constant. To 
conveniently compare transformers in this respect, il is customary to define a 
quantity called voltage regulation (VR). Full-load voltage regulation is a quantity 
that compares the output voltage of the transformer at no load with the output 
voltage at full load. It is defined by the equation 


Vou — V 
VR = 2 x 100% (2-61) 
Sf 


Since at no load, V; = Vp/a, the voltage regulation can also be expressed as 


Vp/a — Von 


VR = x 100% (2-62) 


If the transformer equivalent circuit is in the per-unit system, then voltage regula- 
tion can be expressed as 


(2-63) 


Usually it is a good practice to have as small a voltage regulation as possible. 
For an ideal transformer, VR = 0 percent. It is not always a good idea to have a 
low-voltage regulation, though—sometimes high-impedance and high-voltage reg- 
ulation transformers are deliberately used to reduce the fault currents in a circuit. 
How can the voltage regulation of a transformer be determined? 


The Transformer Phasor Diagram 


To determine the voltage regulation of a transformer, it is necessary to understand 
the voltage drops within it. Consider the simplified transformer equivalent circuit 
in Figure 2—-18b. The effects of the excitation branch on transformer voltage reg- 
ulation can be ignored, so only the series impedances need be considered. The 
voltage regulation of a transformer depends both on the magnitude of these series 
impedances and on the phase angle of the current flowing through the transformer. 
The easiest way to determine the effect of the impedances and the current phase 
angles on the transformer voltage regulation is to examine a phasor diagram, a 
sketch of the phasor voltages and currents in the transformer. 

In all the following phasor diagrams, the phasor voltage Vs is assumed to be 
at an angle of 0°, and all other voltages and currents are compared to that refer- 
ence. By applying Kirchhoff’s voltage law to the equivalent circuit in Figure 
2-18b, the primary voltage can be found as 
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Vp 
P= Vy + Ragls + iXegls (2-64) 


A transformer phasor diagram is just a visual representation of this equation. 

Figure 2-26 shows a phasor diagram of a transformer operating at a lagging 
power factor. It is easy to see that V_p/a > V, for lagging loads, so the voltage reg- 
ulation of a transformer with lagging loads must be greater than zero. 

A phasor diagram at unity power factor is shown in Figure 2—27a. Here again, 
the voltage at the secondary is lower than the voltage at the primary, so VR > 0. 
However, this time the voltage regulation is a smaller number than it was with a lag- 
ging current. If the secondary current is Leading, the secondary voltage can actually 
be higher than the referred primary voltage. If this happens, the transformer actually 
has a negative voltage regulation (see Figure 2—27b). 


I, R 


FIGURE 2-26 
Phasor diagram of a transformer operating at a lagging power factor. 


(b) 


FIGURE 2-27 
Phasor diagram of a transformer operating at (a) unity and (b) leading power factor. 
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Regl, 
I, =a sae = b— 


I | 
#4 = V, + Reg I,cos @ + Xeq/, sin? 


<x 


FIGURE 2-28 
Derivation of the approximate equation for Vp /a. 


Transformer Efficiency 


Transformers are also compared and judged on their efficiencies. The efficiency 
of a device is defined by the equation 


P. 
n= =" x 100% (2-65) 
Fa 
P. 
N= pra po % 100% (2-66) 
out loss 


These equations apply to motors and generators as well as to transformers. 
The transformer equivalent circuits make efficiency calculations easy. There 
are three types of losses present in transformers: 


1. Copper (FPR) losses. These losses are accounted for by the series resistance in 
the equivalent circuit. 


2. Hysteresis losses. These losses were explained in Chapter | and are ac- 
counted for by resistor Re. 


3. Eddy current losses. These losses were explained in Chapter | and are ac- 
counted for by resistor Re. 


To calculate the efficiency of a transformer at a given load, just add the losses 
from each resistor and apply Equation (2-67). Since the outpul power is given by 

Pon = Vsls5 COS 5 (2-7) 
the efficiency of the transformer can be expressed by 


Vi I, cos @ 


1 = Da + Pose + Vols cos 9 * 100% (2-67) 
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Example 2-5. A 15-kVA, 2300/230-V transformer is to be tested to determine its 
excitation branch components, its series impedances, and its voltage regulation. The fol- 
lowing test data have been taken from the primary side of the transformer: 


Open-circuit test Short-circuit test 
Voc = 2300 V Voc = 47 V 
Poc = 50 W Psc = 160 W 


The data have been taken by using the connections shown in Figures 2-19 and 2-20. 


(a) Find the equivalent circuit of this transformer referred to the high-voltage side. 

(b) Find the equivalent circuit of this transformer referred to the low-voltage side. 

(c) Calculate the full-load voltage regulation at 0.8 lagging power factor, 1.0 power 
factor, and at 0.8 leading power factor. 

(d) Plot the voltage regulation as load is increased from no load to full load at power 
factors of 0.8 lagging, 1.0, and 0.8 leading. 

(e) What is the efficiency of the transformer at full load with a power factor of 0.8 
lagging? 


Solution 

(a) The excitation branch values of the transformer equivalent circuit can be calcu- 
lated from the open-circuit test data, and the series elements can be calculated 
from the short-circuit test data. From the open-circuit test data, the open-circuit 
impedance angle is 


Boc = cos” Vote 
SOW 


(2300 V\(0.21 A) _ 84 


= cos! 


The excitation admittance is thus 
L 
=p 2-84" 

oc 


_ 021A 
2300 V 


= 9.13 x 10-5 Z—84°CQ), = 0.0000095 — j0.0000908 0 
The elements of the excitation branch referred to the primary are 


Ye 


Z—84° 


Ro = 


From the short-circuit test data, the short-circuit impedance angle is 
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0 1 
= cos 
Vsclsc 
= eoc7! — 160 Ws gg go 
= COS TAT V\6 A) > 55.4 
The equivalent series impedance is thus 
Y 
Zoe = as ZO 
sc 
a Si 0 
ao 255.4° 0 


= 7,833 455.4° = 4.45 + j6.45 
The series elements referred to the primary are 
R., = 4.45 2 Xeq = 6.45.0 


This equivalent circuit is shown in Figure 2—29a. 


(2) To find the equivalent circuit referred to the low-voltage side, it is simply neces- 
sary to divide the impedance by a’. Since a = Np/Ns = 10, the resulting values are 


(a) 
al, Rea, Kea, I, 
——e —_—Pp- 


0.04450 ~=f0.0645 2 


al, +. | | 

al, 

Vy R 

P = 

aq 7x7 10500 V; 
) ae 
+ =j1102 

(b) 
FIGURE 2-29 


The transfer equivalent circuit for Example 2-5 referred to (a) its primary side and (b) its secondary 
side. 
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Ro = 105002 — R,, = 0.0445 0 
Xy = 1100 X.q = 0.0645 


The resulting equivalent circuit is shown in Figure 2—29b. 
(c) The full-load current on the secondary side of this transformer is 


Sraea _ 15,000 VA 


Ts cated = Ve raed 230V 7 65.2 A 
To calculate Vp/a, use Equation (2-64): 
Vp : 
P= Vs + Regls + iXeqls (2-64) 


At PF = 0.8 lagging, current I, = 65.2 2-36.9° A. Therefore, 


Vv 
a = 230 20° V + (0.0445 (65.2 24 —36.9° A) + (0.0645 11)(65.2 4 —36.9° A) 


= 230 20° V + 2.90 £—36.9° V + 4.21 Z53.1° V 

= 230 + 2.32 — s1.74 + 2.52 + j3.36 

= 234.84 + f1.62 = 234.85 20.40° V 

The resulting voltage regulation is 

Vp/a — V, 
SA 


— 23485V — 230V 19g — 2.1% 


VR = 1 100% (2-62) 


At PF = 1.0, current I; = 65.2 Z 0° A. Therefore, 


Vp 
—F = 230 20° V + (0.0445 265.2 20° A) + (0.0645 265.2 20° A) 


= 230 20° V + 2.90 20° V + 4.21 290° V 
= 230 + 2.90 + j4.21 


= 232.9 + j4.21 = 232.94 271.04° V 
The resulting voltage regulation is 


232.94 V — 230 V 
230 V 


At PF = 0.8 leading, current I; = 65.2 236.9° A. Therefore, 


VR = x 100% = 1.28% 


Vv 
rs = 230 20° V + (0.0445 11)(65.2 736.9° A) + j(0.0645 0)(65.2 736.9° A) 


= 230 20° V + 2.90 436.99 V + 4.21 2126.9° V 
= 230 + 2.32 + f1.74 — 2.52 + J3.36 


= 229.80 + j5.10 = 229.85 41.279 V 


The resulting voltage regulation is 
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Vv 


# =234.9204°V 


Xeqly = 4.21 2 53.1°V 


Rel, = 2.9 Z —36.9° V 


eqs 
1, = 65.2 2 -36.9° A 
(a) 
V 
+ = 232.9 7 1.04° V 
4.21 290° V 
1,=65.2 Z0°A 230Z0°V —— 
2.9 Z0°V 


(b) 


< 


P=229.8 2 1.27°V 


a 
Nw Z 126.99 V 
hs Z 36.9° V 


230 20° V 


I, = 65.2 4 36.99 A 


(c) 


FIGURE 2-30 
Transformer phasor diagrams for Example 2-5. 


229.85 V — 230 V 
230 V 
Each of these three phasor diagrams is shown in Figure 2-30. 
(d) The best way to plot the voltage regulation as a function of load is to repeat the 
calculations in part c for many different loads using MATLAB. A program to do 
this is shown below. 


VR = x 100% = —0.062% 


% M-file: trans_vr.m 

% M-file to calculate and plot the voltage regulation 
% of a transformer as a function of load for power 

% factors of 0.8 lagging, 1.0, and 0.8 leading. 

VS = 230; % Secondary voltage (V) 
amps = 0:6.52:65.2; % Current values (A) 
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Req = 0.0445; % Equivalent R (ohms) 
Xeq = 0.0645; % Equivalent X (ohms) 
% Calculate the current values for the three 

% power factors. The first row of I contains 

% the lagging currents, the second row contains 

% the unity currents, and the third row contains 

% the leading currents. 

I(1,:) = amps .* ( 0.8 - j*0.6); % Lagging 
I(2,:) = amps .* (1.0 ); % Unity 
I(3,:) = amps .* ( 0.8 + j*0.6); % Leading 


% Calculate VP/a. 
VPa = VS + Req.*I + j.*Xeq.*I; 


% Calculate voltage regulation 
VR = (abs(VPa) - VS) ./ VS .* 100; 


% Plot the voltage regulation 

plot (amps, VR(1,:),'b-'); 

hold on; 

plot (amps, VR(2,:),'k-'); 

plot (amps, VR(3,:),'r-.'); 

title ('Voltage Regulation Versus Load'); 

xlabel ("Load (A)'); 

ylabel ('Voltage Regulation (%)'); 

legend('0.8 PF lagging','1.0 PF','0.8 PF leading’); 
hold off; 


The plot produced by this program is shown in Figure 2-31. 


(e) To find the efficiency of the transformer, first calculate its losses. The copper 
losses are 


Poy = (Is)?Req = (65.2 A)°(0.0445 2) = 189 W 
The core losses are given by 
(Vp/ay? (234.85 V)? 


The output power of the transformer at this power factor is 


Puy = Vly cos 0 


= (230 V)(65.2 A) cos 36.9° = 12,000 W 


ou 


Therefore, the efficiency of the transformer at this condition is 


alg sie (2-68) 
q Puy + Pore + Vols cos 0 


core 


_ 12,000 W 
189 W + 52.5 W + 12,000 W 


98.03% 


x 100% 
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ar Voltage regulation versus load 


0.8 PF lagging 
—-—-— 0.8 PF leading 


Voltage regulation (%) 


praarerere po ns _ . 7 ee 


0 10 20 30 40 50 60 70 
Load (A) 


FIGURE 2-31 
Plot of voltage regulation versus load for the transformer of Example 2-5. 


2.8. TRANSFORMER TAPS AND 
VOLTAGE REGULATION 


In previous sections of this chapter, transformers were described by their turns ra- 
tios or by their primary-to-secondary-voltage ratios. Throughout those sections, the 
turns ratio of a given transformer was treated as though it were completely fixed. 
In almost all real distribution transformers, this is not quite true. Distribution trans- 
formers have a series of faps in the windings to permit small changes in the turns 
ratio of the transformer after it has left the factory. A typical installation might have 
four taps in addition to the nominal setting with spacings of 2.5 percent of full-load 
voltage between them. Such an arrangement provides for adjustments up to 5 per- 
cent above or below the nominal voltage rating of the transformer. 


Example 2-6. A 500-kVA, 13,200/480-V distribution transformer has four 
2.5 percent taps on its primary winding. What are the voltage ratios of this transformer at 
each tap setting? 


Solution 
The five possible voltage ratings of this transformer are 


+5.0% tap 13,860/480 V 
+2.5% tap 13,530/480 V 
Nominal rating 13,200/480 V 
—2.5% tap 12,870/480 V 


—5.0% tap 12,540/480 V 
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The taps on a transformer permit the transformer to be adjusted in the field 
to accommodate variations in local voltages. However, these taps normally can- 
not be changed while power is being applied to the transtormer. They must be set 
once and left alone. 

Sometimes a transformer is used on a power line whose voltage varies 
widely with the load. Such voltage variations might be due to a high line imped- 
ance between the generators on the power system and that particular load (perhaps 
it is located far out in the country). Normal loads need to be supplied an essen- 
tially constant voltage. How can a power company supply a controlled voltage 
through high-impedance lines to loads which are constantly changing? 

One solution to this problem is to use a special transformer called a tap 
changing under load (TCUL) transformer or voltage regulator. Basically, a TCUL 
transformer is a transformer with the ability to change taps while power is con- 
nected to it. A voltage regulator is a TCUL transformer with built-in voltage sens- 
ing circuitry that automatically changes taps to keep the system voltage constant. 
Such special transformers are very common in modern power systems. 


2.9 THE AUTOTRANSFORMER 


On some occasions it is desirable to change voltage levels by only a small amount. 
For example, it may be necessary to increase a voltage from 110 to 120 V or from 
13.2 to 13.8 kV. These small rises may be made necessary by voltage drops that 
occur in power systems a long way from the generators. In such circumstances, it 
is wasteful and excessively expensive to wind a transformer with two full wind- 
ings, each rated at about the same voltage. A special-purpose transformer, called 
an autotransformer, is used instead. 

A diagram of a step-up autotransformer is shown in Figure 2-32. In Figure 
2—32a, the two coils of the transformer are shown in the conventional manner. In 
Figure 2—32b, the first winding is shown connected in an additive manner to the 
second winding. Now, the relationship between the voltage on the first winding 
and the voltage on the second winding is given by the turns ratio of the trans- 
former. However, the voltage at the output of the whole transformer is the sum of 
the voltage on the first winding and the voltage on the second winding. The first 
winding here is called the common winding, because its voltage appears on both 
sides of the transformer. The smaller winding is called the series winding, because 
it is connected in series with the common winding. 

A diagram of a step-down autotransformer is shown in Figure 2-33. Here 
the voltage at the input is the sum of the voltages on the series winding and the 
common winding, while the voltage at the output is just the voltage on the com- 
mon winding. 

Because the transformer coils are physically connected, a different termi- 
nology is used for the autotransformer than for other types of transformers. The 
voltage on the common coil is called the common voltage Vc, and the current in 
that coil is called the common current [¢. The voltage on the series coil is called 
the series voltage Vs_, and the current in that coil is called the series current I... 
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(a) (b) 


FIGURE 2-32 
A transformer with its windings (a) connected in the conventional manner and (b) reconnected as an 
autotransformer. 


Ly = Is 
1, = Isp + Ic 


FIGURE 2-33 
A step-down autotransformer connection. 


The voltage and current on the low-voltage side of the transformer are called V, 
and I,, respectively, while the corresponding quantities on the high-voltage side 
of the transformer are called V,, and I,,. The primary side of the autotransformer 
(the side with power into it) can be either the high-voltage side or the low-voltage 
side, depending on whether the autotransformer is acting as a step-down or a step- 
up transformer. From Figure 2-326 the voltages and currents in the coils are re- 
lated by the equations 


eee ee 
Vse Nse 


Nelc = Nelse (2-69) 


(2-68) 
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The voltages in the coils are related to the voltages at the terminals by the equations 
Vi, = Ve (2-70) 
Vi = Vo + Vse (2-71) 


and the currents in the coils are related to the currents at the terminals by the 
equations 


I, =I¢+ Ise (2-72) 
I = Use (2-73) 


Voltage and Current Relationships in 
an Autotransformer 


What is the voltage relationship between the two sides of an autotransformer? It 
is quite easy to determine the relationship between V,, and V,. The voltage on the 
high side of the autotransformer is given by 


Vi = Ve + VsE (2-71) 
But V./Vo- = Ne/ Nog, 80 
N. 
Va = Vo+ HVe (2-74) 
Cc 


Finally, noting that V; = V,, we get 


Nse 
w= V+ Nee 


N 
-_ Nggp + Ne 
= ie Vi (2-75) 
Vv, Ne 
or Va = Neg + Ne (2-76) 


The current relationship between the two sides of the transformer can be 
found by noting that 


I, = I¢ + Ise (2-72) 
From Equation (2-69), Ic = (Nse/Ne)Ise, so 
N 
I, = im Isp + Igp: (2-77) 
c 
Finally, noting that I, = Ise, we find 


N. 
I = ye la +I, 
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= 2-78) 
Ne H ( 
or IL, a Nsp + Ne (2-79) 
Ty Ne 


The Apparent Power Rating Advantage 
of Autotransformers 


It is interesting to note that not all the power traveling from the primary to the sec- 
ondary in the autotransformer goes through the windings. As a result, if a con- 
ventional transformer is reconnected as an autotransformer, it can handle much 
more power than it was originally rated for. 

To understand this idea, refer again to Figure 2—32b. Notice that the input 
apparent power to the autotransformer is given by 


Sin = Vif, (2-80) 
and the outpul apparent power is given by 
Sout = Vial (2-81) 


It is easy to show, by using the voltage and current equations | Equations (2-76) and 
(2—79)], that the input apparent power is again equal to the output apparent power: 


Sin = Sout = Sto (2-82) 


where Sjo is defined to be the input and output apparent powers of the transformer. 
However, the apparent power in the transformer windings is 


Sw = Velo = Vsglse (2-83) 


The relationship between the power going into the primary (and out the sec- 
ondary) of the transformer and the power in the transformer’s actual windings can 
be found as follows: 


Sw = Vele 
= Vid, — Ly) 
=Vili — Vly 
Using Equation (2-79), we get 
Sw = Vil — Vln “c 
SE C 
Nsg + N, Ni 
= v1, "Nex aT : (2-84) 
Nsx 


= Sto Nog ae Ne (2-85) 
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Therefore, the ratio of the apparent power in the primary and secondary of the 
autotransformer to the apparent power actually traveling through its windings is 


Sto _ Mee + Ne 
Sw Nez (2-86) 

Equation (2-86) describes the apparent power rating advantage of an auto- 
transformer Over a conventional transformer. Here Sj, is the apparent power enter- 
ing the primary and leaving the secondary of the transformer, while Sy is the ap- 
parent power actually traveling through the transformer’s windings (the rest passes 
from primary to secondary without being coupled through the transformer’s wind- 
ings). Note that the smaller the series winding, the greater the advantage. 

For example, a 5000-k VA autotransformer connecting a 110-kKV system to a 
138-kV system would have an N-/Ng, turns ratio of 110:28. Such an autotrans- 
former would actually have windings rated at 


Ne 


= (5000 kVA) = 1015 kVA 


c= (2-85) 


The autotranstormer would have windings rated at only about 1015 KVA, while a 
conventional transformer doing the same job would need windings rated at 5000 
kVA. The autotransformer could be 5 times smaller than the conventional trans- 
former and also would be much less expensive. For this reason, it is very advanta- 
geous to build transformers between two nearly equal voltages as autotransformers. 

The following example illustrates autotransformer analysis and the rating 
advantage of autotransformers. 


Example 2-7. A100-VA 120/12-V transformer is to be connected so as to form a 
step-up autotransformer (see Figure 2-34). A primary voltage of 120 V is applied to the 
transformer. 


(a) What is the secondary voltage of the transformer? 
(b) What is its maximum voltampere rating in this mode of operation? 


(c) Calculate the rating advantage of this autotransformer connection over the trans- 
former's rating in conventional 120/12—V operation. 


Solution 
To accomplish a step-up transformation with a 120-V primary, the ratio of the turns on the 
common winding N- to the turns on the series winding Nsp in this transformer must be 
120:12 (or 10:1). 


(a) This transformer is being used as a step-up transformer. The secondary voltage 
is Vy, and from Equation (2-75), 


= fh e120 is 
= 190 120 V = 132 V 


Vu V, (2-75) 
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Vi= 120 20° V Ne(~ 120) 


FIGURE 2-34 
The autotransformer of Example 2-7. 


(&) The maximum voltampere rating in either winding of this transformer is 100 VA. 
How much input or output apparent power can this provide? To find out, examine 
the series winding. The voltage Vsp on the winding is 12 V, and the voltampere rat- 
ing of the winding is 100 VA. Therefore, the maximum series winding current 1s 


Since Jc; is equal to the secondary current /,; (or 7) and since the secondary 
voltage V; = V;, = 132 V, the secondary apparent power is 


Sou = Vgls = Vila 
= (132 V\(8.33 A) = LIOOVA = S,, 


(c) The rating advantage can be calculated from part (5) or separately from Equa- 
tion (2-86). From part 5, 


Sio _ 1100 VA | 
Sy 100VA — 


From Equation (2-86), 
Sto 7 Nop + Ne 
Sw Ne 


= 12-9120). 132) 4 


11 


(2-86) 


By either equation, the apparent power rating is increased by a factor of 11. 


It is not normally possible to just reconnect an ordinary transformer as an 
autotransformer and use it in the manner of Example 2—7, because the insulation 
on the low-voltage side of the ordinary transformer may not be strong enough to 
withstand the full output voltage of the autotransformer connection. In transform- 
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(a) (b) 


FIGURE 2-35 
(a) A variable-voltage autotransformer. (b) Cutaway view of the autotransformer. (Courtesy of 
Superior Electric Company.) 


ers built specifically as autotransformers, the insulation on the smaller coil (the se- 
ries winding) is made just as strong as the insulation on the larger coil. 

It is common practice in power systems to use autotransformers whenever 
two voltages fairly close to each other in level need to be transformed, because the 
closer the two voltages are, the greater the autotransformer power advantage be- 
comes. They are also used as variable transformers, where the low-voltage tap 
moves up and down the winding. This is a very convenient way to get a variable 
ac voltage. Such a variable autotransformer is shown in Figure 2-35. 

The principal disadvantage of autotransformers is that, unlike ordinary 
transformers, there is a direct physical connection between the primary and the 
secondary circuits, so the electrical isolation of the two sides is lost. If a particu- 
lar application does not require electrical isolation, then the autotransformer is a 
convenient and inexpensive way to tie nearly equal voltages together. 


The Internal Impedance of an Autotransformer 


Autotransformers have one additional disadvantage compared to conventional 
transformers. It turns out that, compared to a given transformer connected in the 
conventional manner, the effective per-unit impedance of an autotransformer is 
smaller by a factor equal to the reciprocal of the power advantage of the auto- 
transformer connection. 

The proof of this statement is left as a problem at the end of the chapter. 

The reduced internal impedance of an autotransformer compared to a con- 
ventional two-winding transformer can be a serious problem in some applications 
where the series impedance is needed to limit current flows during power system 
faults (short circuits). The effect of the smaller internal impedance provided by an 
autotransformer must be taken into account in practical applications before auto- 
transformers are selected. 
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Example 2-8. A transformer is rated at 1000 kVA, 12/1.2 kV, 60 Hz when it is op- 
erated as a conventional two-winding transformer. Under these conditions, its series resis- 
tance and reactance are given as | and 8 percent per unit, respectively. This transformer is 
to be used as a 13.2/12-kV step-down autotransformer in a power distribution system. In 
the autotransformer connection, (a) what is the transformer’s rating when used in this man- 
ner and (b) what is the transformer’s series impedance in per-unit? 


Solution 
(a) The Nc /Ngp turns ratio must be 12:1.2 or 10:1. The voltage rating of this trans- 
former will be 13.2/12 kV, and the apparent power (voltampere) rating will be 


Nse 


_1+10 
1 


(6) The transformer’s impedance in a per-unit system when connected in the con- 
ventional manner is 


Sto Sw 


1000 kVA = 11,000 kVA 


Zeq = 0.01 + j0.08 pu separate windings 


The apparent power advantage of this autotransformer is 11, so the per-unit im- 
pedance of the autotransformer connected as described is 


_ 0.01 + j0.08 


eq 11 
= 0.00091 + j0.00727 pu —_ autotransformer 


2.10 THREE-PHASE TRANSFORMERS 


Almost all the major power generation and distribution systems in the world today 
are three-phase ac systems. Since three-phase systems play such an important role 
in modern life, it is necessary to understand how transformers are used in them. 

Transformers for three-phase circuits can be constructed in one of two 
ways. One approach is simply to take three single-phase transformers and connect 
them in a three-phase bank. An alternative approach is to make a three-phase 
transformer consisting of three sets of windings wrapped on a common core. 
These two possible types of transformer construction are shown in Figures 2-36 
and 2-37. The construction of a single three-phase transformer is the preferred 
practice today, since it is lighter, smaller, cheaper, and slightly more efficient. The 
older construction approach was to use three separate transformers. That approach 
had the advantage that each unit in the bank could be replaced individually in the 
event of trouble, but that does not outweigh the advantages of a combined three- 
phase unit for most applications. However, there are still a great many installa- 
tions consisting of three single-phase units in service. 

A discussion of three-phase circuits is included in Appendix A. Some read- 
ers may wish to refer to it before studying the following material. 


N Np? 
oo 


PI Ns 
Np3 Ns3 
——o 


FIGURE 2-36 
A three-phase transformer bank composed of independent transformers. 


FIGURE 2-37 
A three-phase transformer wound on a single three-legged core. 
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Three-Phase Transformer Connections 


A three-phase transformer consists of three transformers, either separate or com- 
bined on one core. The primaries and secondaries of any three-phase transformer 
can be independently connected in either a wye (Y) or a delta (A). This gives a to- 
tal of four possible connections for a three-phase transformer bank: 


1. Wye-wye (Y-Y) 
2. Wye-delta (Y—A) 
3. Delta—wye (A-Y) 
4. Delta—-delta (A—A) 


These connections are shown in Figure 2-38. 

The key to analyzing any three-phase transformer bank is to look at a single 
transformer in the bank. Any single transformer in the bank behaves exactly like 
the single-phase transformers already studied. The impedance, voltage regula- 
tion, efficiency, and similar calculations for three-phase transformers are done on 
a per-phase basis, using exactly the same techniques already developed for 
single-phase transformers. 

The advantages and disadvantages of each type of three-phase transformer 
connection are discussed below. 


WYE-WYE CONNECTION. The Y-Y connection of three-phase transformers is 
shown in Figure 2—38a. In a Y—Y connection, the primary voltage on each phase 
of the transformer is given by Vyp = Vip / V3. The primary-phase voltage is re- 
lated to the secondary-phase voltage by the turns ratio of the transformer. The 
phase voltage on the secondary is then related to the line voltage on the secondary 
by Vis = V3 V4s- Therefore, overall the voltage ratio on the transformer is 


Yip _ V3Vgp 


= = = 2-87 
Vic V3V 55 a Y-Y ( ) 


The Y—Y connection has two very serious problems: 


1. If loads on the transformer circuit are unbalanced, then the voltages on the 
phases of the transformer can become severely unbalanced. 


2. Third-harmonic voltages can be large. 


If a three-phase set of voltages is applied to a Y—Y transformer, the voltages 
in any phase will be 120° apart from the voltages in any other phase. However, the 
third-harmonic components of each of the three phases will be in phase with each 
other, since there are three cycles in the third harmonic for each cycle of the fun- 
damental frequency. There are always some third-harmonic components in a 
transformer because of the nonlinearity of the core, and these components add up. 
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Vis 


FIGURE 2-38 
Three-phase transformer connections and wiring diagrams: (a) Y-Y: (b) Y—A; (c) A-Y; (d) A—-A. 


The result is a very large third-harmonic component of voltage on top of the 50- 
or 60-Hz fundamental voltage. This third-harmonic voltage can be larger than the 
fundamental voltage itself. 

Both the unbalance problem and the third-harmonic problem can be solved 
using one of two techniques: 


1. Solidly ground the neutrals of the transformers, especially the primary wind- 
ing’s neutral. This connection permits the additive third-harmonic components 
to cause a current flow in the neutral instead of building up large voltages. The 
neutral also provides a return path for any current imbalances in the load. 


2. Add a third (tertiary) winding connected in A to the transformer bank. If a third 
A-connected winding is added to the transformer, then the third-harmonic 
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components of voltage in the A will add up, causing a circulating current flow 
within the winding. This suppresses the third-harmonic components of voltage 
in the same manner as grounding the transformer neutrals. 

The A-connected tertiary windings need not even be brought out of the 
transformer case, but they often are used to supply lights and auxiliary power 
within the substation where it is located. The tertiary windings must be large 
enough to handle the circulating currents, so they are usually made about 
one-third the power rating of the two main windings. 


One or the other of these correction techniques must be used any time a Y-Y 
transformer is installed. In practice, very few Y—Y transformers are used, since the 
same jobs can be done by one of the other types of three-phase transformers. 


WYE-DELTA CONNECTION. The Y-A connection of three-phase transformers 
is shown in Figure 2—38b. In this connection, the primary line voltage is related to 
the primary phase voltage by Vip = V3Voep, while the secondary line voltage is 
equal to the secondary phase voltage V_s = Vgs. The voltage ratio of each phase is 


so the overall relationship between the line voltage on the primary side of the 
bank and the line voltage on the secondary side of the bank is 


Vip _ ViVgp 

Vis Vas 

V 

yo=V3a = Y-A (2-88) 
LS 


The Y—A connection has no problem with third-harmonic components in its 
voltages, since they are consumed in a circulating current on the A side. This con- 
nection is also more stable with respect to unbalanced loads, since the A partially 
redistributes any imbalance that occurs. 

This arrangement does have one problem, though. Because of the connec- 
tion, the secondary voltage is shifted 30° relative to the primary voltage of the 
transformer. The fact that a phase shift has occurred can cause problems in paral- 
leling the secondaries of two transformer banks together. The phase angles of 
transformer secondaries must be equal if they are to be paralleled, which means 
that attention must be paid to the direction of the 30° phase shift occurring in each 
transformer bank to be paralleled together. 

In the United States, it is customary to make the secondary voltage lag the 
primary voltage by 30°. Although this is the standard, it has not always been ob- 
served, and older installations must be checked very carefully before a new trans- 
former is paralleled with them, to make sure that their phase angles match. 


TRANSFORMERS 121 


Vis 


(b) 


FIGURE 2-38 
(b) Y—-A (continued) 


The connection shown in Figure 2-38b will cause the secondary voltage to 
be lagging if the system phase sequence is abc. If the system phase sequence is 
acb, then the connection shown in Figure 2—-38b will cause the secondary voltage 
to be leading the primary voltage by 30°. 


DELTA-WYE CONNECTION. A A-Y connection of three-phase transformers is 
shown in Figure 2—38c. In a A-Y connection, the primary line voltage is equal to 
the primary-phase voltage Vip = Vz p, while the secondary voltages are related by 
Vis = V3V gs. Therefore, the line-to-line voltage ratio of this transformer con- 
nection is 
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(c) 
FIGURE 2-38 
(c) A-Y (continued) 
Vip = Vp 
Vis V3Vis 


(2-89) 


This connection has the same advantages and the same phase shift as the 
Y-A transformer. The connection shown in Figure 2—38c makes the secondary 
voltage lag the primary voltage by 30°, as before. 


TRANSFORMERS 123 


(d) 


FIGURE 2-38 
(d) A-A (concluded) 


DELTA-DELTA CONNECTION. The A-A connection is shown in Figure 2—38d. 
In a A-A connection, Vip = Vgp and Vis = Vos, so the relationship between pri- 
mary and secondary line voltages is 


Vip V, 
pe=yi=za ACA (2-90) 
Ls “os 


This transformer has no phase shift associated with it and no problems with 
unbalanced loads or harmonics. 


The Per-Unit System for Three-Phase Transformers 


The per-unit system of measurements applies just as well to three-phase trans- 
formers as to single-phase transformers. The single-phase base equations (2-53) 


124 ELECTRIC MACHINERY FUNDAMENTALS 


to (2-56) apply to three-phase systems on a per-phase basis. If the total base 
voltampere value of the transformer bank is called S,,,.. then the base voltampere 
value of one of the transformers Sig pase 18 


RY 
Sig,base = ao (2-91) 


and the base phase current and impedance of the transformer are 


ty 
Typase = \, pass (2-92a) 


,base 


I = Seas 
o, base 3 V, 


(2-92b) 
. base 


(V, gal 
Z..= ae (2-93a) 
I¢,base 


3( Vis nase)” 


ase Sie 


Line quantities on three-phase transformer banks can also be represented in 
the per-unit system. The relationship between the base line voltage and the base 
phase voltage of the transformer depends on the connection of windings. If the 
windings are connected in delta, Vi pase = Ve.base» While if the windings are con- 
nected in wye, Vy pase = V3V 5 base: The base line current in a three-phase trans- 
former bank is given by 


_ By base : 
I nase i. V3V i base ee 


The application of the per-unit system to three-phase transformer problems 
is similar to its application in the single-phase examples already given. 


Example 2-9. A 50-kVA 13,800/208-V A-Y distribution transformer has a resis- 
tance of 1 percent and a reactance of 7 percent per unit. 


(a) What is the transformer’s phase impedance referred to the high-voltage side? 

(b} Calculate this transformer’s voltage regulation at full load and 0.8 PF lagging, 
using the calculated high-side impedance. 

(c) Calculate this transformer’s voltage regulation under the same conditions, using 
the per-unit system. 


Solution 

(a) The high-voltage side of this transformer has a base line voltage of 13,800 V 
and a base apparent power of 50 kVA. Since the primary is A-connected, its 
phase voltage is equal to its line voltage. Therefore, its base impedance is 


_ (Vo. bare) 


Sa (2-93b) 


sd 
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_ 313,800 Vy _ 
= *50,000VA_ ~ 11,4260 


The per-unit impedance of the transformer is 
Zeq = 0.01 + 70.07 pu 


so the high-side impedance in ohms is 


Log = ZeapuZbase 
= (0.01 + j0.07 pu)(11,426 O) = 114.2 + j8000 


(b) To calculate the voltage regulation of a three-phase transformer bank, determine 
the voltage regulation of any single transformer in the bank. The voltages ona 
single transformer are phase voltages, so 


Van — a, 
VR = “—® x 100% 
a¥es 


The rated transformer phase voltage on the primary is 13,800 V, so the rated 
phase current on the primary is given by 


S 
=a 
 ~ 3V, 


The rated apparent power S = 50 kVA, so 


50,000 VA 


= 313,800 v) ~ 1-208 4 


The rated phase voltage on the secondary of the transformer is 208 V/ V3 = 120 V. When 
referred to the high-voltage side of the transformer, this voltage becomes Vas = aVgs 
= 13,800 V. Assume that the transformer secondary is operating at the rated voltage and 
current, and find the resulting primary phase voltage: 


Vup = V5 + Rel + iXeqls 
= 13,800 20° V + (114.2 0)(1.208 2 —36.87° A) + (800 (1.208 Z-36.87° A) 
= 13,800 + 138 2-36.87° + 966.4 253.13° 
= 13,800 + 110.4 — j82.8 + 579.8 + 773.1 
= 14,490 + j690.3 = 14,506 22.73° V 


Therefore, 


Vip — a, 
VR =“ —* x 100% 
Vs 


_ 14,506 — 13,800 


13.800 x 100% = 5.1% 


(c) In the per-unit system, the output voltage is 1 2 0°, and the current is | 2 —36.87°. 
Therefore, the input voltage is 
Vp = 1 20° + (0.011 Z —36.87°) + (0.07)\(1 24 —36.87°) 
= 1 + 0.008 — 70.006 + 0.042 + j0.056 
= 1.05 + 70.05 = 1.051 22.73° 


126 ELECTRIC MACHINERY FUNDAMENTALS 


The voltage regulation is 


_ 1,051 — 1.0 
1.0 


VR =x 100% = 5.1% 


Of course, the voltage regulation of the transformer bank is the same 
whether the calculations are done in actual ohms or in the per-unit system. 


2.11 THREE-PHASE TRANSFORMATION 
USING TWO TRANSFORMERS 


In addition to the standard three-phase transformer connections, there are ways to 
perform three-phase transformation with only two transformers. All techniques 
that do so involve a reduction in the power-handling capability of the transform- 
ers, but they may be justified by certain economic situations. 

Some of the more important two-transformer connections are 


1. The open-A (or V—V) connection 
2. The open-Y—open-A connection 
3. The Scott-T connection 

4. The three-phase T connection 


Each of these transformer connections is described below. 


The Open-A (or V-V) Connection 


In some situations a full transformer bank may not be used to accomplish three- 
phase transformation. For example, suppose that a A—-A transformer bank com- 
posed of separate transformers has a damaged phase that must be removed for re- 
pair. The resulting situation is shown in Figure 2-39. If the two remaining 
secondary voltages are V, = V 20° and V, = V 2 120° V, then the voltage across 
the gap where the third transformer used to be is given by 


V.=-V,-V; 

—VZ0° — VZ—120° 
—V — (-0.5V — j0.866V) 
—0.5V + j0.866V 
VZ120° OV 


This is exactly the same voltage that would be present if the third transformer 
were still there. Phase C is sometimes called a ghost phase. Thus, the open-delta 
connection lets a transformer bank get by with only two transformers, allowing 
some power flow to continue even with a damaged phase removed. 

How much apparent power can the bank supply with one of its three trans- 
formers removed? At first, it seems that it could supply two-thirds of its rated 
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VYj=VZ0°V 
Vg2VZ120°V 


FIGURE 2-39 
The open-A or V—V transformer connection. 


apparent power, since two-thirds of the transformers are still present. Things are 
not quite that simple, though. To understand what happens when a transformer is 
removed, see Figure 2-40. 

Figure 2-40a shows the transformer bank in normal operation connected to 
a resistive load. If the rated voltage of one transformer in the bank is V, and the 
rated current is Jy, then the maximum power that can be supplied to the load is 


P= 3V414,.cos é 


The angle between the voltage V, and the current J, in each phase is 0° so the to- 
tal power supplied by the transformer is 


P= 3Vg14.cos 6 
= 3Vgly (2-95) 


The open-delta transformer is shown in Figure 2-405. It is important to note 
the angles on the voltages and currents in this transformer bank. Because one of 
the transformer phases is missing, the transmission line current is now equal to the 
phase current in each transformer, and the currents and voltages in the transformer 
bank differ in angle by 30°. Since the current and voltage angles differ in each of 
the two transformers, it is necessary to examine each transformer individually to 
determine the maximum power it can supply. For transformer 1, the voltage is at 
an angle of 150° and the current is at an angle of 120°, so the expression for the 
maximum power in transformer 1 is 


P,= 3Vy 140s (150° — 120°) 
= 3V5 14 cos 30° 


= a Vale (2-96) 
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(b) 
FIGURE 2-40 


(a) Voltages and currents in a A-A transformer bank. (b) Voltages and currents in an open-A 
transformer bank. 


For transformer 2, the voltage is at an angle of 30° and the current is at an angle 
of 60°, so its maximum power is 


P, = 3V, 14 cos (30° — 60°) 
= 3Vg ly cos (—30°) 


V3 
=75 Veg (2-97) 
Therefore, the total maximum power of the open-delta bank is given by 


The rated current is the same in each transformer whether there are two or three of 
them, and the voltage is the same on each transformer; so the ratio of the output 
power available from the open-delta bank to the output power available from the 
normal three-phase bank is 
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P V3V,T 
bal 0 pia ot ene Rg (2-99) 


Pe oud, ~ V3 


The available power out of the open-delta bank is only 57.7 percent of the origi- 
nal bank’s rating. 

A good question that could be asked is: What happens to the rest of the 
open-delta bank’s rating? After all, the total power that the two transformers to- 
gether can produce is two-thirds that of the original bank’s rating. To find oul, ex- 
amine the reactive power of the open-delta bank. The reactive power of trans- 
former | is 


QO, = 3V 41, sin (150° — 120°) 
3V,14 sin 30° 


The reactive power of transformer 2 is 
Q, _— 3Vy 14 sin (30° 2 60°) 
= 3V,/, sin (—30°) 


Thus One transformer is producing reactive power which the other one is con- 
suming. It is this exchange of energy between the two transformers that limits the 
power output to 57.7 percent of the original bank's rating instead of the otherwise 
expected 66.7 percent. 

An alternative way to look at the rating of the open-delta connection is that 
86.6 percent of the rating of the two remaining transformers can be used. 

Open-delta connections are used occasionally when it is desired to supply a 
small amount of three-phase power to an otherwise single-phase load. In such a 
case, the connection in Figure 2-41 can be used, where transformer T, is much 
larger than transformer 7}. 


Three- 
Single- phase 
phase power 


power 


b 


FIGURE 2-41 
Using an open-A transformer connection to supply a small amount of three-phase power along with a 
lot of single-phase power. Transformer 7, is much larger than transformer 7). 
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FIGURE 2-42 

The open-Y-open-A transformer connection and wiring diagram. Note that this connection is 
identical to the Y-A connection in Figure 3-385, except for the absence of the third transformer and 
the presence of the neutral lead. 


The Open-Wye-Open-Delta Connection 


The open-wye—open-delta connection is very similar to the open-delta connection 
except that the primary voltages are derived from two phases and the neutral. This 
type of connection is shown in Figure 2—42. It is used to serve small commercial 
customers needing three-phase service in rural areas where all three phases are not 
yet present on the power poles. With this connection, a customer can get three- 
phase service in a makeshift fashion until demand requires installation of the third 
phase on the power poles. 
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A major disadvantage of this connection is that a very large return current 
must flow in the neutral of the primary circuit. 


The Scott-T Connection 


The Scott-T connection is a way to derive two phases 90° apart from a three-phase 
power supply. In the early history of ac power transmission, two-phase and three- 
phase power systems were quite common. In those days, it was routinely neces- 
sary to interconnect two- and three-phase power systems, and the Scott-T trans- 
former connection was developed for that purpose. 

Today, two-phase power is primarily limited to certain control applications, 
but the Scott T is still used to produce the power needed to operate them. 

The Scott T consists of two single-phase transformers with identical ratings. 
One has a tap on its primary winding at 86.6 percent of full-load voltage. They are 
connected as shown in Figure 2-43a. The 86.6 percent tap of transformer T, is 
connected to the center tap of transformer 7,. The voltages applied to the primary 
winding are shown in Figure 2—43b, and the resulting voltages applied to the pri- 
maries of the two transformers are shown in Figure 2—43c. Since these voltages 
are 90° apart, they result in a two-phase output. 

It is also possible to convert two-phase power into three-phase power with 
this connection, but since there are very few two-phase generators in use, this is 
rarely done. 


The Three-Phase T Connection 


The Scott-T connection uses two transformers to convert three-phase power to 
two-phase power at a different voltage level. By a simple modification of that 
connection, the same two transformers can also convert three-phase power to 
three-phase power at a different voltage level. Such a connection is shown in Fig- 
ure 2-44. Here both the primary and the secondary windings of transformer 7; are 
tapped at the 86.6 percent point, and the taps are connected to the center taps of 
the corresponding windings on transformer 7;. In this connection 7; is called the 
main transformer and T, is called the teaser transformer. 

As in the Scott T, the three-phase input voltage produces two voltages 90° 
apart on the primary windings of the transformers. These primary voltages pro- 
duce secondary voltages which are also 90° apart. Unlike the Scott T, though, the 
secondary voltages are recombined into a three-phase output. 

One major advantage of the three-phase T connection over the other three- 
phase two-transformer connections (the open-delta and open-wye—open-delta) is 
that a neutral can be connected to both the primary side and the secondary side of 
the transformer bank. This connection is sometimes used in self-contained three- 
phase distribution transformers, since its construction costs are lower than those 
of a full three-phase transformer bank. 

Since the bottom parts of the teaser transformer windings are not used on ei- 
ther the primary or the secondary sides, they could be left off with no change in 
performance. This is, in fact, typically done in distribution transformers. 
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The Scott-T transformer connection. (a) Wiring diagram; (b) the three-phase input voltages; (c) the 
voltages on the transformer primary windings: (d) the two-phase secondary voltages. 
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FIGURE 2-44 

The three-phase T transformer connection. (a) Wiring diagram: (b) the three-phase input voltages; 
(c) the voltages on the transformer primary windings: (d) the voltages on the transformer secondary 
windings; (e) the resulting three-phase secondary voltages. 
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2.12 TRANSFORMER RATINGS AND 
RELATED PROBLEMS 


Transformers have four major ratings: apparent power, voltage, current, and fre- 
quency. This section examines the ratings of a transformer and explains why they 
are chosen the way they are. It also considers the related question of the current 
inrush that occurs when a transformer is first connected to the line. 


The Voltage and Frequency Ratings 
of a Transformer 


The voltage rating of a transformer serves two functions. One is to protect the 
winding insulation from breakdown due to an excessive voltage applied to it. This 
is not the most serious limitation in practical transformers. The second function is 
related to the magnetization curve and magnetization current of the transformer. 
Figure 2-11 shows a magnetization curve for a transformer. If a steady-state 
voltage 


v(t) = Vy sin wt Vv 


is applied to a transformer’s primary winding, the flux of the transformer is given by 


f(t) = 7 Wt) dt 


= fy si 
Ns Vy Sin wt af 


_ _Ym 
d(t) = “Wp Cos wi (2-100) 
If the applied voltage v(f) is increased by 10 percent, the resulting maximum 
flux in the core also increases by 10 percent. Above a certain point on the magne- 
tization curve, though, a 10 percent increase in flux requires an increase in mag- 
netization current much larger than 10 percent. This concept is illustrated in Fig- 
ure 2—45. As the voltage increases, the high-magnetization currents soon become 
unacceptable. The maximum applied voltage (and therefore the rated voltage) is 
set by the maximum acceptable magnetization current in the core. 
Notice that voltage and frequency are related in a reciprocal fashion if the 
maximum flux is to be held constant: 
V. 


— max oo 
$aax = GN, (2-101) 


Thus, if a 60-Hz transformer is to be operated on 50 Hz, its applied voltage must 
also be reduced by one-sixth or the peak flux in the core will be too high. This re- 
duction in applied voltage with frequency is called derating. Similarly, a 50-Hz 
transformer may be operated at a 20 percent higher voltage on 60 Hz if this action 
does not cause insulation problems. 
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FIGURE 2-45 
The effect of the peak flux in a transformer core upon the required magnetization current. 


Example 2-10. A 1-kVA, 230/115-V, 60-Hz single-phase transformer has 850 
turns on the primary winding and 425 turns on the secondary winding. The magnetization 
curve for this transformer is shown in Figure 2-46. 


(a) Calculate and plot the magnetization current of this transformer when it is run 
at 230 V on a 60-Hz power source. What is the rms value of the magnetization 
current? 

() Calculate and plot the magnetization current of this transformer when it is run at 
230 V on a 50-Hz power source. What is the rms value of the magnetization cur- 
rent? How does this current compare to the magnetization current at 60 Hz? 


Solution 
The best way to solve this problem is to calculate the flux as a function of time for this 
core, and then use the magnetization curve to transform each flux value to a corresponding 
magnetomotive force. The magnetizing current can then be determined from the equation 
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Magnetization curve for the 230/115-¥V transformer of Example 2-10. 


i= > (2-102) 


Assuming that the voltage applied to the core is v(t) = Vy sin wf volts, the flux in 
the core as a function of time is given by Equation (2-101): 


Vy 
A(t) = DN, £28 wt (2-100) 
P 


The magnetization curve for this transformer is available electronically in a file called 
mag_curve_1.dat. This file can be used by MATLAB to translate these flux values 
into corresponding mmf values, and Equation (2-102) can be used to find the required 
magnetization current values. Finally, the rms value of the magnetization current can be 


calculated from the equation 
has = fg at (2-103) 


A MATLAB program to perform these calculations is shown below: 


M-file: mag_current .m 

M-file to calculate and plot the magnetization 
current of a 230/115 transformer operating at 
230 volts and 50/60 Hz. This program also 
calculates the rms value of the mag. current. 


ow 3 3 3 dP 


% Load the magnetization curve. It is in two 
% columns, with the first column being mmf and 
% the second column being flux. 

load mag_curve_l.dat; 

mmf_data = mag_curve_1(:,1); 
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flux_data = mag_curve_1(:,2); 


% Initialize values 
VM = 325; % Maximum voltage (V) 
NP = 850; % Primary turns 


% Calculate angular velocity for 60 Hz 
freq = 60; % Freq (Hz) 
w= 2 * pi * freq; 


% Calculate flux versus time 
time = 0:1/3000:1/30; % 0 to 1/30 sec 
flux = -VM/(w*NP) * cos(w .* time); 


% Calculate the mmf corresponding to a given flux 
% using the flux's interpolation function. 
mmf = interpl(flux_data,mmf_data, flux); 


% Calculate the magnetization current 
im = mmf / NP; 


% Calculate the rms value of the current 
irms = sqrt(sum(im.*2)/length(im)); 
disp(['The rms current at 60 Hz is ', num2str(irms)]); 


% Plot the magnetization current. 

figure(1) 

subplot (2,1,1); 

plot (time, im); 

title ('\bfMagnetization Current at 60 Hz’); 
xlabel ('\bfTime (s)'); 

ylabel ('\bf\itI_{m} \rm(A)'); 

axis([0 0.04 -2 2]); 

grid on; 


% Calculate angular velocity for 50 Hz 
freq = 50; % Freq (Hz) 
w= 2 * pi * freq; 


% Calculate flux versus time 
time = 0:1/2500:1/25; % 0 to 1/25 sec 
flux = -VM/(w*NP) * cos(w .* time); 


% Calculate the mmf corresponding to a given flux 
% using the flux's interpolation function. 
mmf = interpl1(flux_data,mmf_data, flux); 


% Calculate the magnetization current 
im = mmf / NP; 


% Calculate the rms value of the current 
irms = sqrt(sum(im.*2)/length(im)); 


disp([('The rms current at 50 Hz is ', num2str(irms)]); 
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FIGURE 2-47 
(a) Magnetization current for the transformer operating at 60 Hz. (b) Magnetization current for the 
transformer operating at 50 Hz. 


% Plot the magnetization current. 

subplot (2,1,2); 

plot (time, im); 

title ('\bfMagnetization Current at 50 Hz'); 
xlabel ('\bfTime (s)'); 

ylabel ('\bf\itI_{m} \rm(A)'); 

axis([0 0.04 -2 2]); 

grid on; 


When this program executes, the results are 


» Ihag_current 
The rms current at 60 Hz is 0.4894 
The rms current at 50 Hz is 0.79252 


The resulting magnetization currents are shown in Figure 2-47. Note that the rms magne- 
tization current increases by more than 60 percent when the frequency changes from 60 Hz 
to 50 Hz. 


The Apparent Power Rating of a Transformer 


The principal purpose of the apparent power rating of a transformer is that, to- 
gether with the voltage rating, it sets the current flow through the transformer 
windings. The current flow is important because it controls the ?R losses in trans- 
former, which in turn control the heating of the transformer coils. It is the heating 
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that is critical, since overheating the coils of a transformer drastically shortens the 
life of its insulation. 

The actual voltampere rating of a transformer may be more than a single 
value. In real transformers, there may be a voltampere rating for the transformer 
by itself, and another (higher) rating for the transformer with forced cooling. The 
key idea behind the power rating is that the hot-spot temperature in the trans- 
former windings must be limited to protect the life of the transformer. 

If a transformer’s voltage is reduced for any reason (e.g., if it is operated at a 
lower frequency than normal), then the transformer’s voltampere rating must be re- 
duced by an equal amount. If this is not done, then the current in the transformer’s 
windings will exceed the maximum permissible level and cause overheating. 


The Problem of Current Inrush 


A problem related to the voltage level in the transformer is the problem of current 
inrush at starting. Suppose that the voltage 


w(t) = V4, sin (wt + @) Vv (2-104) 


is applied at the moment the transformer is first connected to the power line. The 
maximum flux height reached on the first half-cycle of the applied voltage depends 
on the phase of the voltage at the time the voltage is applied. If the initial voltage is 


wr) = V,, sin (wf + 90°) = Vi, cos wt Vv (2-105) 


and if the initial flux in the core is zero, then the maximum flux during the first 
half-cycle will just equal the maximum flux at steady state: 


Pmoax = wNp (2-101) 


This flux level is just the steady-state flux, so it causes no special problems. But 
if the applied voltage happens to be 


v(t) = Vy sin wt V 
the maximum flux during the first half-cycle is given by 


eed ibe wey, : d 
f(t) =a m SIN wt t 


a! w 


Vig 
= COS wt | 
wh, P 0 


Vag 
an) - OI 


Pmax = Np (2-106) 


This maximum flux is twice as high as the normal steady-state flux. If the 
magnetization curve in Figure 2-11 is examined, it is easy to see that doubling the 
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FIGURE 2+48 
The current inrush due to a transformer’s magnetization current on starting. 


maximum flux in the core results in an enormous magnetization current. In fact, 
for part of the cycle, the transformer looks like a short circuit, and a very large 
current flows (see Figure 2-48). 

For any other phase angle of the applied voltage between 90°, which is no 
problem, and 0°, which is the worst case, there is some excess current flow. The 
applied phase angle of the voltage is not normally controlled on starting, so there 
can be huge inrush currents during the first several cycles after the transformer is 
connected to the line. The transformer and the power system to which it is con- 
nected must be able to withstand these currents. 


The Transformer Nameplate 


A typical nameplate from a distribution transformer is shown in Figure 2-49. The 
information on such a nameplate includes rated voltage, rated kilovoltamperes, rated 
frequency, and the transformer per-unit series impedance. It also shows the voltage 
ratings for each tap on the transformer and the wiring schematic of the transformer. 

Nameplates such as the one shown also typically include the transformer 
type designation and references to its operating instructions. 


2.13 INSTRUMENT TRANSFORMERS 


Two special-purpose transformers are used with power systems for taking mea- 
surements. One is the potential transformer, and the other is the current transformer. 
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FIGURE 2-49 
A sample distribution transformer nameplate. Note the ratings listed: voltage, frequency, apparent 
power, and tap settings. (Courtesy of General Electric Company.) 


A potential transformer is a specially wound transformer with a high- 
voltage primary and a low-voltage secondary. It has a very low power rating, and 
its sole purpose is to provide a sample of the power system’s voltage to the in- 
struments monitoring it. Since the principal purpose of the transformer is voltage 
sampling, it must be very accurate so as not to distort the true voltage values too 
badly. Potential transformers of several accuracy classes may be purchased de- 
pending on how accurate the readings must be for a given application. 

Current transformers sample the current in a line and reduce it to a safe and 
measurable level. A diagram of a typical current transformer is shown in Figure 
2-50. The current transformer consists of a secondary winding wrapped around a 
ferromagnetic ring, with the single primary line running through the center of the 
ring. The ferromagnetic ring holds and concentrates a small sample of the flux 
from the primary line. That flux then induces a voltage and current in the sec- 
ondary winding. 

A current transformer differs from the other transformers described in this 
chapter in that its windings are oosely coupled. Unlike all the other transformers, 
the mutual flux @y in the current transformer is smaller than the leakage flux @;. 
Because of the loose coupling, the voltage and current ratios of Equations (2-1) 
to (2-5) do not apply to a current transformer. Nevertheless, the secondary current 
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FIGURE 2-50 
Sketch of a current transformer. 


in a current transformer is directly proportional to the much larger primary cur- 
rent, and the device can provide an accurate sample of a line’s current for mea- 
surement purposes. 

Current transformer ratings are given as ratios of primary to secondary cur- 
rent. A typical current transformer ratio might be 600:5,800:5, or 1000:5. A 5-A 
rating is standard on the secondary of a current transformer. 

It is important to keep a current transformer short-circuited at all times, 
since extremely high voltages can appear across its open secondary terminals. In 
fact, most relays and other devices using the current from a current transformer 
have a shorting interlock which must be shut before the relay can be removed for 
inspection or adjustment. Without this interlock, very dangerous high voltages 
will appear at the secondary terminals as the relay is removed from its socket. 


2.14 SUMMARY 


A transformer is a device for converting electric energy at one voltage level to 
electric energy at another voltage level through the action of a magnetic field. It 
plays an extremely important role in modern life by making possible the econom- 
ical long-distance transmission of electric power. 

When a voltage is applied to the primary of a transformer, a flux is produced 
in the core as given by Faraday’s law. The changing flux in the core then induces 
a voltage in the secondary winding of the transformer. Because transformer cores 
have very high permeability, the net magnetomotive force required in the core to 
produce its flux is very small. Since the net magnetomotive force is very small, 
the primary circuil’s magnetomotive force must be approximately equal and op- 
posite to the secondary circuit’s magnetomotive force. This fact yields the trans- 
former current ratio. 

A real transformer has leakage fluxes that pass through either the primary or 
the secondary winding, but not both. In addition there are hysteresis, eddy current, 
and copper losses. These effects are accounted for in the equivalent circuit of the 
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transformer. Transformer imperfections are measured in a real transformer by its 
voltage regulation and its efficiency. 

The per-unit system of measurement is a convenient way to study systems 
containing transformers, because in this system the different system voltage lev- 
els disappear. In addition, the per-unit impedances of a transformer expressed to 
its own ratings base fall within a relatively narrow range, providing a convenient 
check for reasonableness in problem solutions. 

An autotransformer differs from a regular transformer in that the two wind- 
ings of the autotransformer are connected. The voltage on one side of the trans- 
former is the voltage across a single winding, while the voltage on the other side 
of the transformer is the sum of the voltages across both windings. Because only 
a portion of the power in an autotransformer actually passes through the windings, 
an autotransformer has a power rating advantage compared to a regular trans- 
former of equal size. However, the connection destroys the electrical isolation be- 
tween a transformer’s primary and secondary sides. 

The voltage levels of three-phase circuits can be transformed by a proper 
combination of two or three transformers. Potential transformers and current 
transformers can sample the voltages and currents present in a circuit. Both de- 
vices are very common in large power distribution systems. 


QUESTIONS 


2-1. Is the turns ratio of a transformer the same as the ratio of voltages across the trans- 
former? Why or why not? 
2-2. Why does the magnetization current impose an upper limit on the voltage applied to 
a transformer core? 
2-3. What components compose the excitation current of a transformer? How are they 
modeled in the transformer’s equivalent circuit? 
2-4. What is the leakage flux in a transformer? Why is it modeled in a transformer 
equivalent circuit as an inductor? 
2-5. List and describe the types of losses that occur in a transformer. 
2-6. Why does the power factor of a load affect the voltage regulation of a transformer? 
2-7. Why does the short-circuit test essentially show only i?R losses and not excitation 
losses in a transformer? 
2-8. Why does the open-circuit test essentially show only excitation losses and not i2R 
losses? 
2-9, How does the per-unit system of measurement eliminate the problem of different 
voltage levels in a power system? 
2-10. Why can autotransformers handle more power than conventional transformers of 
the same size? 
2-11. What are transformer taps? Why are they used? 
2-12. What are the problems associated with the Y—Y three-phase transformer connection? 
2-13. What is a TCUL transformer? 
2-14. How can three-phase transformation be accomplished using only two transformers? 
What types of connections can be used? What are their advantages and disadvantages? 
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2-15. 
2-16. 
2-17. 
2-18. 
2-19. 
2-20. 


2-21. 
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Explain why the open-A transformer connection is limited to supplying 57.7 percent 
of a normal A-A transformer bank’s load. 

Can a 60-Hz transformer be operated on a 50-Hz system? What actions are neces- 
sary to enable this operation? 

What happens to a transformer when it is first connected to a power line? Can any- 
thing be done to mitigate this problem? 

What is a potential transformer? How is it used? 

What is a current transformer? How is it used? 

A distribution transformer is rated at 18 kVA, 20,000/480 V, and 60 Hz. Can this 
transformer safely supply 15 KVA to a 415-V load at 50 Hz? Why or why not? 
Why does one hear a hum when standing near a large power transformer? 


PROBLEMS 


2-1. 


2-2. 


2-3. 


The secondary winding of a transformer has a terminal voltage of v.{?) = 282.8 sin 
377t V. The turns ratio of the transformer is 100:200 (a = 0.50). If the secondary 
current of the transformer is i,(f) = 7.07 sin (377t — 36.87°) A, what is the primary 
current of this transformer? What are its voltage regulation and efficiency? The im- 
pedances of this transformer referred to the primary side are 


Reg = 0.20 0 Re = 3000 
Xeq = 0.750 1 Xy = 800 


A 20-kVA 8000/480-V distribution transformer has the following resistances and 
reaclances: 


Rp = 3220 Ry = 0.05 2 
Xp= 450 R; = 0.06.0 
Re = 250 kO Xy = 30k0 


The excitation branch impedances are given referred to the high-voltage side of the 

transformer. 

(a) Find the equivalent circuit of this transformer referred to the high-voltage side. 

(b) Find the per-unit equivalent circuit of this transformer. 

(c) Assume that this transformer is supplying rated load at 480 V and 0.8 PF lag- 
ging. What is this transformer’s input voltage? What is its voltage regulation? 

(d) What is the transformer’s efficiency under the conditions of part (c)? 

A 1000-VA 230/115-V transformer has been tested to determine its equivalent cir- 

cuit. The results of the tests are shown below. 


Open-circuit test Short-circuit test 
Voc = 230 V Voc = 19.1 V 

loc = 0.45.4 Isc = 8.7A 

Poo = 30 W Poo = 42.3 W 


All data given were taken from the primary side of the transformer. 
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(a) Find the equivalent circuit of this transformer referred to the low-voltage side of 
the transformer. 
(b) Find the transformer’s voltage regulation at rated conditions and (1) 0.8 PF lag- 
ging, (2) 1.0 PF, (3) 0.8 PF leading. 
(c) Determine the transformer’s efficiency at rated conditions and 0.8 PF lagging. 
2-4. A single-phase power system is shown in Figure P2—-1. The power source feeds a 
100-kVA 14/2.4-kV transformer through a feeder impedance of 40.0 + j150 0. The 
transformer’s equivalent series impedance referred to its low-voltage side is 0.12 + 
J0.5 Q. The load on the transformer is 90 kW at 0.80 PF lagging and 2300 V. 
(a) What is the voltage at the power source of the system? 
(b) What is the voltage regulation of the transformer? 
(c) How efficient is the overall power system? 


400 j1500Q 0.120 jos 


Load 
90 kW 
0.85 PF lagging 


V source (x) 


Source Feeder Transformer Load 
(transmission line) 


FIGURE P2-1 
The circuit of Problem 2-4. 


2-5. When travelers from the United States and Canada visit Europe, they encounter a 
different power distribution system. Wall voltages in North America are 120 V rms 
at 60 Hz, while typical wall voltages in Europe are 220 to 240 V at 50 Hz. Many 
travelers carry small step-up/step-down transformers so that they can use their ap- 
pliances in the countries that they are visiting. A typical transformer might be rated 
at 1 KVA and 120/240 V. It has 500 turns of wire on the 120-V side and 1000 turns 
of wire on the 240-V side. The magnetization curve for this transformer is shown in 
Figure P2—2, and can be found in file p22 .mag at this book’s website. 

(a) Suppose that this transformer is connected to a 120-V, 60-Hz power source with 
no load connected to the 240-V side. Sketch the magnetization current that 
would flow in the transformer. (Use MATLAB to plot the current accurately, if 
it 1s available.) What is the rms amplitude of the magnetization current? What 
percentage of full-load current is the magnetization current? 

(b) Now suppose that this transformer is connected to a 240-V, 50-Hz power source 
with no load connected to the 120-V side. Sketch the magnetization current that 
would flow in the transformer. (Use MATLAB to plot the current accurately, if 
it is available.) What is the rms amplitude of the magnetization current? What 
percentage of full-load current is the magnetization current? 

(c) In which case is the magnetization current a higher percentage of full-load cur- 
rent? Why? 
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FIGURE P2-2 


Magnetization curve for the transformer of Problem 2-5. 


2-6. A 15-kVA 8000/230-V distribution transformer has an impedance referred to the pri- 
mary of 80 + /300 0. The components of the excitation branch referred to the pri- 
mary side are Rc = 350 kO and Xy = 70 kN. 

(a) If the primary voltage is 7967 V and the load impedance is Z, = 3.0 + /1.5 Q, 
what is the secondary voltage of the transformer? What is the voltage regulation 
of the transformer? 

(b) If the load is disconnected and a capacitor of —/4.0 2 is connected in its place, 
what is the secondary voltage of the transformer? What is its voltage regulation 
under these conditions? 

2-7. A 5000-kVA 230/13.8-kV single-phase power transformer has a per-unit resistance 
of 1 percent and a per-unit reactance of 5 percent (data taken from the transformer’s 
nameplate). The open-circuit test performed on the low-voltage side of the trans- 
former yielded the following data: 


Voc =13.8KV Inc = 1S.1A Poe = 44.9 kW 


(a) Find the equivalent circuit referred to the low-voltage side of this transformer. 

(5) If the voltage on the secondary side is 13.8 kV and the power supplied is 4000 
kW at 0.8 PF lagging, find the voltage regulation of the transformer. Find its 
efficiency. 


2-8. 


2-9. 


2-10. 


2-11. 


2-12. 


2-13. 
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A 200-MVA, 15/200-kV single-phase power transformer has a per-unit resistance of 
1.2 percent and a per-unit reactance of 5 percent (data taken from the transformer’s 
nameplate). The magnetizing impedance is /80 per unit. 

(a) Find the equivalent circuit referred to the low-voltage side of this transformer. 

(b) Calculate the voltage regulation of this transformer for a full-load current at 
power factor of 0.8 lagging. 

(c) Assume that the primary voltage of this transformer is a constant 15 kV, and 
plot the secondary voltage as a function of load current for currents from no 
load to full load. Repeat this process for power factors of 0.8 lagging, 1.0, and 
0.8 leading. 

A three-phase transformer bank is to handle 600 kVA and have a 34.5/13.8-kV volt- 

age ratio. Find the rating of each individual transformer in the bank (high voltage, 

low voltage, turns ratio, and apparent power) if the transformer bank is connected to 

(a) Y-Y, (b) Y—A, (c) A-Y, (d) A—A, (e) open A, (f) open Y-open A. 

A 13,800/480-V three-phase Y—A-connected transformer bank consists of three 

identical 100-k VA 7967/480-V transformers. It is supplied with power directly from 

a large constant-voltage bus. In the short-circuit test, the recorded values on the 

high-voltage side for one of these transformers are 


Vsc = 560 V Isc = 12.6A Psc = 3300 W 


(a) If this bank delivers a rated load at 0.85 PF lagging and rated voltage, what is 
the line-to-line voltage on the high-voltage side of the transformer bank? 

(b) What is the voltage regulation under these conditions? 

(c) Assume that the primary voltage of this transformer is a constant 13.8 kV, and 
plot the secondary voltage as a function of load current for currents from no- 
load to full-load. Repeat this process for power factors of 0.85 lagging, 1.0, and 
0.85 leading. 

(ad) Plot the voltage regulation of this transformer as a function of load current for 
currents from no-load to full-load. Repeat this process for power factors of 0.85 
lagging, 1.0, and 0.85 leading. 

A 100,000-k VA, 230/115-kV A-—A three-phase power transformer has a resistance of 

0.02 pu and a reactance of 0.055 pu. The excitation branch elements are R- = 110 pu 

and Xy, = 20 pu. 

(a) If this transformer supplies a load of 80 MVA at 0.85 PF lagging, draw the pha- 
sor diagram of one phase of the transformer. 

(b) What is the voltage regulation of the transformer bank under these conditions? 

(c) Sketch the equivalent circuit referred to the low-voltage side of one phase of this 
transformer. Calculate all the transformer impedances referred to the low-voltage 
side. 

An autotransformer is used to connect a 13.2-kV distribution line to a 13.8-kV dis- 

tribution line. It must be capable of handling 2000 kVA. There are three phases, con- 

nected Y—Y with their neutrals solidly grounded. 

(a) What must the Nc/Nsg turns ratio be to accomplish this connection? 

(b) How much apparent power must the windings of each autotransformer handle? 

(c) If one of the autotransformers were reconnected as an ordinary transformer, 
what would its ratings be? 

Two phases of a 13.8-kV three-phase distribution line serve a remote rural road (the 

neutral is also available). A farmer along the road has a 480-V feeder supplying 
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120 kW at 0.8 PF lagging of three-phase loads, plus 50 kW at 0.9 PF lagging of 
single-phase loads. The single-phase loads are distributed evenly among the three 
phases. Assuming that the open- Y-open-A connection is used to supply power to his 
farm, find the voltages and currents in each of the two transformers. Also find the real 
and reactive powers supplied by each transformer. Assume the transformers are ideal. 
A 13.2-kV single-phase generator supplies power to a load through a transmission 
line. The load’s impedance is Z,,,4 = 500 2 36.87° Q, and the transmission line’s 
impedance is Z;,,. = 60 Z 53.1° . 


60 £ 53.1°Q 


Vg = 13.220° kV 


(a) 


60 £53.1°Q 


Vg = 13.22 0° kV 


(b) 


FIGURE P2-3 
Circuits for Problem 2-14: (a) without transformers and (b) with transformers. 


(a) If the generator is directly connected to the load (Figure P2—3a), what is the ra- 
tio of the load voltage to the generated voltage? What are the transmission 
losses of the system? 

(b) If a 1:10 step-up transformer is placed at the output of the generator and a 10:1 
transformer is placed at the load end of the transmission line, what is the new 
ratio of the load voltage to the generated voltage? What are the transmission 
losses of the system now? (Note: The transformers may be assumed to be ideal.) 

A5000-VA, 480/120-V conventional transformer is to be used to supply power from 

a 600-V source to a 120-V load. Consider the transformer to be ideal, and assume 

that all insulation can handle 600 V. 

(a) Sketch the transformer connection that will do the required job. 

(b) Find the kilovoltampere rating of the transformer in the configuration. 

(c) Find the maximum primary and secondary currents under these conditions. 


2-16. 


2-17. 


2-18. 


2-19. 


2-20. 


2-21. 


2-22. 
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A5000-VA, 480/120-V conventional transformer is to be used to supply power from 
a 600-V source to a 480-V load. Consider the transformer to be ideal, and assume 
that all insulation can handle 600 V. Answer the questions of Problem 2-15 for this 
transformer. 

Prove the following statement: If a transformer having a series impedance Z,, is con- 
nected as an autotransformer, its per-unit series impedance Z,, as an autotransformer 
will be 


N. 
. — _ SE 


Note that this expression is the reciprocal of the autotransformer power advantage. 
Three 25-kVA, 24,000/277-V distribution transformers are connected in A—-Y. The 
open-circuit test was performed on the low-voltage side of this transformer bank, 
and the following data were recorded: 


Vineoc = 480 V hiineoc = 4.10 A Pagoc = 945 W 


The short-circuit test was performed on the high-voltage side of this transformer 
bank, and the following data were recorded: 


Vine SC = 1600 V hiine SC = 2.00A Prose = 1150 W 


(a) Find the per-unit equivalent circuit of this transformer bank. 

(b) Find the voltage regulation of this transformer bank at the rated load and 
0.90 PF lagging. 

(c) What is the transformer bank’s efficiency under these conditions? 

A 20-kVA, 20,000/480-V, 60-Hz distribution transformer is tested with the follow- 

ing results: 


Open-circuit test Short-circuit test 

(measured from secondary side) (measured from primary side) 
Voc = 480 V Voce = 1130 V 

Ioc = 1.60A Isc = 1.00 A 

Poc = 305 W Psc = 260 W 


(a) Find the per-unit equivalent circuit for this transformer at 60 Hz. 

(b) What would the rating of this transformer be if it were operated on a 50-Hz 
power system? 

(c) Sketch the per-unit equivalent circuit of this transformer referred to the primary 
side if it is operating at 50 Hz. 

Prove that the three-phase system of voltages on the secondary of the Y—A trans- 

former shown in Figure 2—38b lags the three-phase system of voltages on the pri- 

mary of the transformer by 30°. 

Prove that the three-phase system of voltages on the secondary of the A-Y trans- 

former shown in Figure 2—38c lags the three-phase system of voltages on the pri- 

mary of the transformer by 30°. 

A single-phase 10-k VA, 480/120-V transformer is to be used as an autotransformer 

tying a 600-V distribution line to a 480-V load. When it is tested as a conventional 
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transformer, the following values are measured on the primary (480-V) side of the 


transformer: 
Open-circuit test Short-circuit test 
Voc = 480 V Vsc = 10.0 V 
Ione = 0.41A Igo = 10.6. A 
Poo = 38 W Poo = 26 W 


(a) Find the per-unit equivalent circuit of this transformer when it is connected in the 
conventional manner. What is the efficiency of the transformer at rated condi- 
tions and unity power factor? What is the voltage regulation at those conditions? 

(&) Sketch the transformer connections when it is used as a 600/480-V step-down 
autotransformer. 

(c) What is the kilovoltampere rating of this transformer when it is used in the au- 
totransformer connection? 

(d) Answer the questions in a for the autotransformer connection. 

2-23. Figure P2—4 shows a power system consisting of a three-phase 480-V 60-Hz gener- 
ator supplying two loads through a transmission line with a pair of transformers at 
either end. 


Ll 4 47 


aut ts 


Generator Dh a ee 

a pine Load 1 Load 2 
480/14.400 V Zi=1.54/ 102 14,400/480 V 
1000 kVA 500 kVA 
R =0.010 pu R= 0.020 pu Zh oad 1= Zhoad 2= 
X = 0.040 pu X=0.085 pu —-0.45.36.87°Q ~j 0.8 

Y—connected Y-connected 
FIGURE P24 


A one-line diagram of the power system of Problem 2-23. Note that some impedance values are 
given in the per-unit system, while others are given in ohms. 


(a) Sketch the per-phase equivalent circuit of this power system. 

(b) With the switch opened, find the real power P, reactive power Q, and apparent 
power S supplied by the generator. What is the power factor of the generator? 

(c) With the switch closed, find the real power P, reactive power Q, and apparent 
power S supplied by the generator. What is the power factor of the generator? 

(da) What are the transmission losses (transformer plus transmission line losses) in 
this system with the switch open? With the switch closed? What is the effect of 
adding load 2 to the system? 
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INTRODUCTION TO 
POWER ELECTRONICS 


O the last 40 years, a revolution has occurred in the application of electric 
motors. The development of solid-state motor drive packages has progressed 
to the point where practically any power control problem can be solved by using 
them. With such solid-state drives, it is possible to run de motors from ac power 
supplies or ac motors from dc power supplies. It is even possible to change ac 
power at one frequency to ac power at another frequency. 

Furthermore, the costs of solid-state drive systems have decreased dramati- 
cally, while their reliability has increased. The versatility and the relatively low 
cost of solid-state controls and drives have resulted in many new applications for 
ac motors in which they are doing jobs formerly done by dc machines. DC motors 
have also gained flexibility from the application of solid-state drives. 

This major change has resulted from the development and improvement of a 
series of high-power solid-state devices. Although the detailed study of such power 
electronic circuits and components would require a book in itself, some familiarity 
with them is important to an understanding of modern motor applications. 

This chapter is a brief introduction to high-power electronic components 
and to the circuits in which they are employed. It is placed at this point in the book 
because the material contained in it is used in the discussions of both ac motor 
controllers and de motor controllers. 


3.1 POWER ELECTRONIC COMPONENTS 


Several major types of semiconductor devices are used in motor-control circuits. 
Among the more important are 
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1. The diode 

2. The two-wire thyristor (or PNPN diode) 

3. The three-wire thyristor [or silicon controlled rectifier (SCR)] 
4. The gate turnoff (GTO) thyristor 

5. The DIAC 

6. The TRIAC 

7. The power transistor (PTR) 

8. The insulated-gate bipolar transistor (IGBT) 


Circuits containing these eight devices are studied in this chapter. Before the cir- 
cuits are examined, though, it is necessary to understand what each device does. 


The Diode 


A diode is a semiconductor device designed to conduct current in one direction 
only. The symbol for this device is shown in Figure 3-1. A diode is designed to 
conduct current from its anode to its cathode, but not in the opposite direction. 

The voltage-current characteristic of a diode is shown in Figure 3-2. When 
a voltage is applied to the diode in the forward direction, a large current flow re- 
sults. When a voltage is applied to the diode in the reverse direction, the current 
flow is limited to a very small value (on the order of microamperes or less). Ifa 
large enough reverse voltage is applied to the diode, eventually the diode will 
break down and allow current to flow in the reverse direction. These three regions 
of diode operation are shown on the characteristic in Figure 3-2. 

Diodes are rated by the amount of power they can safely dissipate and by the 
maximum reverse voltage that they can take before breaking down. The power 


ip 
Ve 
Anode 
ip | + PIV "D 
Vp 
Cathode 
FIGURE 3-1 FIGURE 3-2 


The symbol of a diode. Voltage-current characteristic of a diode. 
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FIGURE 3-3 
The symbol of a two-wire thyristor or PNPN diode. 


dissipated by a diode during forward operation is equal to the forward voltage drop 
across the diode times the current flowing through it. This power must be limited 
to protect the diode from overheating. The maximum reverse voltage of a diode is 
known as its peak inverse voltage (PIV). It must be high enough to ensure that the 
diode does not break down in a circuit and conduct in the reverse direction. 

Diodes are also rated by their switching time, that is, by the time it takes to 
go from the off state to the on state, and vice versa. Because power diodes are 
large, high-power devices with a lot of stored charge in their junctions, they 
switch states much more slowly than the diodes found in electronic circuits. Es- 
sentially all power diodes can switch states fast enough to be used as rectifiers in 
50- or 60-Hz circuits. However, some applications such as pulse-width modu- 
lation (PWM) can require power diodes to switch states at rates higher than 
10,000 Hz. For these very fast switching applications, special diodes called fast- 
recovery high-speed diodes are employed. 


The Two-Wire Thyristor or PNPN Diode 


Thyristor is the generic name given to a family of semiconductor devices which are 
made up of four semiconductor layers. One member of this family is the two-wire 
thyristor, also Known as the PNPN diode or trigger diode. This device’s name in the 
Institute of Electrical and Electronics Engineers (IEEE) standard for graphic sym- 
bols is reverse-blocking diode-type thyristor. Its symbol is shown in Figure 3-3. 

The PNPN diode is a rectifier or diode with an unusual voltage-current 
characteristic in the forward-biased region. Its voltage-current characteristic is 
shown in Figure 3-4. The characteristic curve consists of three regions: 


1. The reverse-blocking region 
2. The forward-blocking region 
3. The conducting region 


In the reverse-blocking region, the PNPN diode behaves as an ordinary 
diode and blocks all current flow until the reverse breakdown voltage is reached. 
In the conducting region, the PNPN diode again behaves as an ordinary diode, al- 
lowing large amounts of current to flow with very litthe voltage drop. It is the 
forward-blocking region that distinguishes a PNPN diode from an ordinary diode. 
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FIGURE 3-4 
Voltage-current characteristic of 
a PNPN diode. 


ip | 9 Anode 
+ 
ig } Yp 
Gate 
FIGURE 3-5 
Cathode The symbol of a three-wire thyristor or SCR. 


When a PNPN diode is forward-biased, no current flows until the forward 
voltage drop exceeds a certain value called the breakover voltage Vg5. When the 
forward voltage across the PNPN diode exceeds Vg,, the PNPN diode turns on 
and remains on until the current flowing through it falls below a certain minimum 
value (typically a few milliamperes). If the current is reduced to a value below this 
minimum value (called the holding current I,,), the PNPN diode turns off and will 
not conduct until the forward voltage drop again exceeds Vp. 

In summary, a PNPN diode 


1. Turns on when the applied voltage vp exceeds Vag 
2. Turns off when the current ip drops below J, 


3. Blocks all current flow in the reverse direction until the maximum reverse 
voltage is exceeded 


The Three-Wire Thyristor or SCR 


The most important member of the thyristor family is the three-wire thyristor, also 
known as the silicon controlied rectifier or SCR. This device was developed 
and given the name SCR by the General Electric Company in 1958. The name 
thyristor was adopted later by the International Electrotechnical Commission 
(IEC). The symbol for a three-wire thyristor or SCR is shown in Figure 3-5. 
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FIGURE 3-6 
Voltage-current characteristics of an SCR. 


As the name suggests, the SCR is a controlled rectifier or diode. Its voltage- 
current characteristic with the gate lead open is the same as that of a PNPN diode. 

What makes an SCR especially useful in motor-control applications is that 
the breakover or turn-on voltage of the device can be adjusted by a current flow- 
ing into its gate lead. The larger the gate current, the lower Vg, becomes (see Fig- 
ure 3-6). If an SCR is chosen so that its breakover voltage with no gate signal is 
larger than the highest voltage in the circuit, then it can only be turned on by the 
application of a gate current. Once it is on, the device stays on until its current 
falls below I,. Therefore, once an SCR is triggered, its gate current may be re- 
moved without affecting the on state of the device. In the on state, the forward 
voltage drop across the SCR is about 1.2 to 1.5 times larger than the voltage drop 
across an ordinary forward-biased diode. 

Three-wire thyristors or SCRs are by far the most common devices used in 
power-control circuits. They are widely used for switching or rectification appli- 
cations and are currently available in ratings ranging from a few amperes up toa 
maximum of about 3000 A. 

In summary, an SCR 


1. Turns on when the voltage vp applied to it exceeds Vgo 


2. Has a breakover voltage Vag whose level is controlled by the amount of gate 
current ig present in the SCR 
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Anode 
Cathode 

(a) 
Several amperes to 20s — 30p5 
several tens of 
amperes 

(-) 
20 Afus — 50 A/ps One-fourth to one-sixth of 
the “on” current 
(b) 


FIGURE 3-7 
(a) The symbol of a gate turn-off thyristor (GTO). (b) The gate current waveform required to turn a 
GTO thyristor on and off. 


3. Turns off when the current ip flowing through it drops below I, 


4. Blocks all current flow in the reverse direction until the maximum reverse 
voltage is exceeded 


The Gate Turnoff Thyristor 


Among the recent improvements to the thyristor is the gate turnoff (GTO) thyris- 
tor. A GTO thyristor is an SCR that can be turned off by a large enough negative 
pulse at its gate lead even if the current fp exceeds J,,. Although GTO thyristors 
have been around since the 1960s, they only became practical for motor-control 
applications in the late 1970s. Such devices are becoming more and more com- 
mon in motor-control packages, since they eliminate the need for external com- 
ponents to turn off SCRs in dc circuits (see Section 3.5). The symbol for a GTO 
thyristor is shown in Figure 3—7a. 

Figure 3—7b shows a typical gate current waveform for a high-power GTO 
thyristor. A GTO thyristor typically requires a larger gate current for turn-on than 
an ordinary SCR. For large high-power devices, gate currents on the order of 
10 A or more are necessary. To turn off the device, a large negative current pulse 
of 20- to 30-ys duration is required. The magnitude of the negative current pulse 
must be one-fourth to one-sixth that of the current flowing through the device. 
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FIGURE 3-8 
The symbol of a DIAC. 


ip 


FIGURE 3-9 
Voltage-current characteristic of a DLAC. 


The DIAC 


A DIAC is a device containing five semiconductor layers (PNPNP) that behaves 
like two PNPN diodes connected back to back. It can conduct in either direction 
once the breakover voltage is exceeded. The symbol for a DIAC is shown in Fig- 
ure 3-8, and its current-voltage characteristic is shown in Figure 3-9. It turns on 
when the applied voltage in either direction exceeds Vgo. Once it is turned on, a 
DIAC remains on until its current falls below J,. 


The TRIAC 


A TRIAC is a device that behaves like two SCRs connected back to back with 
a common gate lead. It can conduct in either direction once its breakover voltage 


INTRODUCTION TO POWER ELECTRONICS 


Vp 


FIGURE 3-10 
The symbol of a TRIAC. 
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FIGURE 3-11 
Voltage-current characteristic of a TRIAC. 
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is exceeded. The symbol for a TRIAC is shown in Figure 3-10, and its current- 
voltage characteristic is shown in Figure 3-11. The breakover voltage ina TRIAC 
decreases with increasing gate current in just the same manner as il does in an 
SCR, except that a TRIAC responds to either positive or negative pulses al its 
gate. Once it is turned on, a TRIAC remains on until its current falls below J,,. 
Because a single TRIAC can conduct in both directions, it can replace a 
more complex pair of back-to-back SCRs in many ac control circuits. However, 
TRIACs generally switch more slowly than SCRs, and are available only at lower 
power ratings. As a result, their use is largely restricted to low- to medium-power 


applications in 50- or 60-Hz circuits, such as simple lighting circuits. 
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(a) The symbol of a power transistor. (b) The voltage-current characteristic of a power transistor. 


The Power Transistor 


The symbol for a transistor is shown in Figure 3—12a, and the collector-to-emitter 
voltage versus collector current characteristic for the device is shown in Figure 
3—12b. As can be seen from the characteristic in Figure 3—12b, the transistor is a 
device whose collector current ic is directly proportional to its base current fz over 
a very wide range of collector-to-emitter voltages (Ve). 

Power transistors (PTRs) are commonly used in machinery-control applica- 
tions to switch a current on or off. A transistor with a resistive load is shown in 
Figure 3-1 3a, and its (¢-—Vcg characteristic is shown in Figure 3—13b with the load 
line of the resistive load. Transistors are normally used in machinery-control ap- 
plications as switches; as such they should be either completely on or completely 
off. As shown in Figure 3-1 3b, a base current of ig, would completely turn on this 
transistor, and a base current of zero would completely turn off the transistor. 

If the base current of this transistor were equal to ig;, then the transistor 
would be neither fully on nor fully off. This is a very undesirable condition, since 
a large collector current will flow across a large collector-to-emitter voltage Veg, 
dissipating a lot of power in the transistor. To ensure that the transistor conducts 
without wasting a lot of power, it is necessary to have a base current high enough 
to completely saturate it. 

Power transistors are most often used in inverter circuits. Their major draw- 
back in switching applications is that large power transistors are relatively slow in 
changing from the on to the off state and vice versa, since a relatively large base 
current has to be applied or removed when they are turned on or off. 
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(a) A transistor with a resistive load. (b) The voltage-current characteristic of this transistor and load. 
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FIGURE 3-14 
Emitter The symbol of an IGBT. 


The Insulated-Gate Bipolar Transistor 


The insulated-gate bipolar transistor (IGBT) is a relatively recent development. It 
is similar to the power transistor, except that it is controlled by the voltage applied 
to a gate rather than the current flowing into the base as in the power transistor. The 
impedance of the control gate is very high in an IGBT, so the amount of current 
flowing in the gate is extremely small. The device is essentially equivalent to the 
combination of a metal-oxide-semiconductor field-effect transistor (MOSFET) and 
a power transistor. The symbol of an IGBT is shown in Figure 3-14. 
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Since the IGBT is controlled by a gate voltage with very little current flow, 
it can switch much more rapidly than a conventional power transistor can. IGBTs 
are therefore being used in high-power high-frequency applications. 


Power and Speed Comparison of Power Electronic 
Components 


Figure 3-15 shows a comparison of the relative speeds and power-handling capa- 
bilities of SCRs, GTO thyristors, and power transistors. Clearly SCRs are capable 
of higher-power operation than any of the other devices. GTO thyristors can op- 
erate at almost as high a power and much faster than SCRs. Finally, power tran- 
sistors can handle less power than either type of thyristor, but they can switch 
more than 10 times faster. 
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FIGURE 3-15 
A comparison of the relative speeds and power-handling capabilities of SCRs, GTO thyristors, and 
power transistors. 
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3.2. BASIC RECTIFIER CIRCUITS 


A rectifier circuit is a circuit that converts ac power to dc power. There are many 
different rectifier circuits which produce varying degrees of smoothing in their dc 
output. The four most common rectifier circuits are 


1. The half-wave rectifier 

2. The full-wave bridge rectifier 

3. The three-phase half-wave rectifier 
4. The three-phase full-wave rectifier 


A good measure of the smoothness of the de voltage out of a rectifier circuit 
is the ripple factor of the dc output. The percentage of ripple in a dc power sup- 
ply is defined as the ratio of the rms value of the ac components in the supply’s 
voltage to the dc value of the voltage 


r= x 100% (3-1) 
DC 
where V,, »ms iS the rms value of the ac components of the output voltage and Vpc 
is the dc component of voltage in the output. The smaller the ripple factor in a 
power supply, the smoother the resulting dc waveform. 
The de component of the output voltage Vpc is quite easy to calculate, since 
it is just the average of the output voltage of the rectifier: 


The rms value of the ac part of the output voltage is harder to calculate, though, 
since the dec component of the voltage must be subtracted first. However, the ripple 
factor r can be calculated from a different but equivalent formula which does not 
require the rms value of the ac component of the voltage. This formula for ripple is 


Vins : 
r= Nypof 7 I x 100% (3-3) 
bc 


where V,,,, is the rms value of the total output voltage from the rectifier and Vp is 
the dc or average output voltage from the rectifier. 

In the following discussion of rectifier circuits, the input ac frequency is as- 
sumed to be 60 Hz. 


The Half-Wave Rectifier 


A half-wave rectifier is shown in Figure 3—16a, and its output is shown in Figure 
3—16b. The diode conducts on the positive half-cycle and blocks current flow on 
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Vioad 


FIGURE 3-16 

(a) A half-wave rectifier circuit. 
(b) The output voltage of the 
rectifier circuit. 


the negative half-cycle. A simple half-wave rectifier of this sort is an extremely 
poor approximation to a constant dc waveform—it contains ac frequency compo- 
nents at 60 Hz and all its harmonics. A half-wave rectifier such as the one shown 
has a ripple factor r = 121 percent, which means it has more ac voltage compo- 
nents in its output than dc voltage components. Clearly, the half-wave rectifier is 
a very poor way to produce a dc voltage from an ac source. 


Example 3-1. Calculate the ripple factor for the half-wave rectifier shown in Fig- 
ure 3-16, both analytically and using MATLAB. 


Solution 
In Figure 3-16, the ac source voltage is v{t) = Vy sin w tvolts. The output voltage of the 
rectifier is 


' = [Mae sin of 0<at<a7 
Mond!) = 0 weots27 


Both the average voltage and the rms voltage must be calculated in order to calculate the 
ripple factor analytically. The average voltage out of the rectifier is 


T 
Voc = Verg = | Moai(l) dt 


A . 
= el Ve sin wt dt 


wie 
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V 
= —54I(-) - OI 
_ Ym 
7 


The rms value of the total voltage out of the rectifier is 


fier 
Views. = Tl Mout) dt 
f 
= il Va sin? wt dt 
= _@ (7 |— cos 2a 
= Vay Perlo et 
x oO whe | _o wes | 
=Vylz[, dt — az], 7008 2wr dt 


= Gi, \r" 

= VW ae 8 sin 2wt p 

= : oa a fe 
=Vy 4 + sin 2m) 0 + sino) 
_ Vm 

— 2 


Therefore, the ripple factor of this rectifier circuit is 


2 
r= (cue) — 1 x 100% 
Vu / 7. 


The ripple factor can be calculated with MATLAB by implementing the average and 
tms voltage calculations in a MATLAB function, and then calculating the ripple from 
Equation (3-3). The first part of the function shown below calculates the average of an in- 
put waveform, while the second part of the function calculates the rms value of the input 
waveform. Finally, the ripple factor is calculated directly from Equation (3-3). 


function r = ripple(waveform) 
% Function to calculate the ripple on an input waveform. 


% Calculate the average value of the waveform 
nvals = size(waveform,2); 


temp = 0; 
for ii = 1l:nvals 

temp = temp + waveform(ii); 
end 


average = temp/nvals; 


% Calculate rms value of waveform 
temp = 0; 
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for ii = 1:nvals 

temp = temp + waveform(ii)%*2; 
end 
rms = sqrt (temp/nvals) ; 


% Calculate ripple factor 
Yr = sqrt((rms / average)*2 - 1) * 100; 


Function ripple can be tested by writing an m-file to create a half-wave rectified wave- 
form and supply that waveform to the function. The appropriate M-file is shown below: 


% M-file: test_halfwave.m 
% M-file to calculate the ripple on the output of a half-wave 
% wave rectifier. 


% First, generate the output cof a half-wave rectifier 
waveform = zeros(1,128); 
for ii = 1:128 
waveform(ii}) = halfwave(ii*pi/64); 
end 


% Now calculate the ripple factor 
Yr = ripple (waveform) ; 


% Print out the result 
string = ['The ripple is ' num2str(r) '$.']; 
disp(string) ; 


The output of the half-wave rectifier is simulated by function hal fwave. 


function volts = halfwave (wt) 
% Function to simulate the output of a half-wave rectifier. 
% wt = Phase in radians (=omega x time) 


% Convert input to the range 0 <= wt < 2*pi 
while wt >= 2*pi 
wt = wt - 2*pi; 
end 
while wt < 0 
wt = wt + 2*pi; 
end 


% Simulate the output of the half-wave rectifier 
if wt >= 0 & wt <= pi 
volts = sin(wt); 
else 
volts = 0; 
end 


When test_hal fwave is executed, the results are: 


» test_halfwave 
The ripple is 121.1772%. 


This answer agrees with the analytic solution calculated above. 
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The Full-Wave Rectifier 


A full-wave bridge rectifier circuit is shown in Figure 3—17a, and its output volt- 
age is shown in Figure 3-17c. In this circuit, diodes D, and D, conduct on the 
positive half-cycle of the ac input, and diodes D, and D, conduct on the negative 
half-cycle. The output voltage from this circuit is smoother than the output volt- 
age from the half-wave rectifier, but it still contains ac frequency components at 
120 Hz and its harmonics. The ripple factor of a full-wave rectifier of this sort is 
r = 48.2 percent—it is clearly much better than that of a half-wave circuit. 


(a) 


(b) 
Vioad 


(c) 


FIGURE 3-17 
(a) A full-wave bridge rectifier circuit. (b) The output voltage of the rectifier circuit. (c) An 
alternative full-wave rectifier circuit using two diodes and a center-tapped transformer. 
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vat) VAD Vth) 


(a) (b) 


Voad(!) 


(c) 


FIGURE 3-18 
(a) A three-phase half-wave rectifier circuit. (b) The three-phase input voltages to the rectifier circuit. 
(c) The output voltage of the rectifier circuit. 


Another possible full-wave rectifier circuit is shown in Figure 3—17b. In this 
circuit, diode D, conducts on the positive half-cycle of the ac input with the cur- 
rent returning through the center tap of the transformer, and diode D, conducts on 
the negative half-cycle of the ac input with the current returning through the cen- 
ter tap of the transformer. The output waveform is identical to the one shown in 
Figure 3-17c. 


The Three-Phase Half-Wave Rectifier 


A three-phase half-wave rectifier is shown in Figure 3—18a. The effect of having 
three diodes with their cathodes connected to a common point is that at any in- 
stant the diode with the largest voltage applied to it will conduct, and the other 
two diodes will be reverse-biased. The three phase voltages applied to the rectifier 
circuit are shown in Figure 3—18b, and the resulting output voltage is shown in 
Figure 3—18c. Notice that the voltage at the output of the rectifier at any time is 
just the highest of the three input voltages at that moment. 
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Vioad 
(a) 
FIGURE 3-19 
Vour = Lowest of v4, Vg, OF Ve (a) A three-phase full-wave rectifier circuit. 
(b) This circuit places the /owest of its three 
(b) input voltages at its output. 


This output voltage is even smoother than that of a full-wave bridge recti- 
fier circuit. It contains ac voltage components at 180 Hz and its harmonics. The 
ripple factor for a rectifier of this sort is 18.3 percent. 


The Three-Phase Full-Wave Rectifier 


A three-phase full-wave rectifier is shown in Figure 3-19a. Basically, a circuit of 
this sort can be divided into two component parts. One part of the circuit looks 
just like the three-phase half-wave rectifier in Figure 3-18, and it serves to con- 
nect the highest of the three phase voltages al any given instant to the load. 

The other part of the circuit consists of three diodes oriented with their an- 
odes connected to the load and their cathodes connected to the supply voltages 
(Figure 3-19b). This arrangement connects the /owest of the three supply voltages 
to the load at any given time. 

Therefore, the three-phase full-wave rectifier at all times connects the high- 
est of the three voltages to one end of the load and always connects the /owest of 
the three voltages to the other end of the load. The result of such a connection is 
shown in Figure 3-20. 
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v(f) 


vf) 


FIGURE 3-20 
(a) The highest and lowest voltages in the three-phase full-wave rectifier. (b) The resulting output 
voltage. 


The output of a three-phase full-wave rectifier is even smoother than the 
output of a three-phase half-wave rectifier. The lowest ac frequency component 
present in it is 360 Hz, and the ripple factor is only 4.2 percent. 


Filtering Rectifier Output 


The output of any of these rectifier circuits may be further smoothed by the use of 
low-pass filters to remove more of the ac frequency components from the output. 
Two types of elements are commonly used to smooth the rectifier’s output: 


1. Capacitors connected across the lines to smooth ac voltage changes 
2. Inductors connected in series with the line to smooth ac current changes 


Acommon filter in rectifier circuits used with machines is a single series induc- 
tor, or choke. A three-phase full-wave rectifier with a choke filter is shown in Fig- 
ure 3-21. 
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FIGURE 3-21 
A three-phase full-wave bridge circuit with an inductive filter for reducing output ripple. 


3.3. PULSE CIRCUITS 


The SCRs, GTO thyristors, and TRIACs described in Section 3.1 are turned on by 
the application of a pulse of current to their gating circuits. To build power con- 
trollers, it is necessary to provide some method of producing and applying pulses 
to the gates of these devices at the proper time to turn them on. (In addition, it is 
necessary to provide some method of producing and applying negative pulses to 
the gates of GTO thyristors at the proper time to turn them off.) 

Many techniques are available to produce voltage and current pulses. They 
may be divided into two broad categories: analog and digital. Analog pulse gen- 
eration circuits have been used since the earliest days of solid-state machinery 
controls. They typically rely on devices such as PNPN diodes that have voltage- 
current characteristics with discrete nonconducting and conducting regions. The 
transition from the nonconducting to the conducting region of the device (or vice 
versa) is used to generate a voltage and current pulse. Some simple analog pulse 
generation circuits are described in this section. These circuits are collectively 
known as relaxation oscillators. 

Digital pulse generation circuits are becoming very common in modern 
solid-state motor drives. They typically contain a microcomputer that executes a 
program stored in read-only memory (ROM). The computer program may consider 
many different inputs in deciding the proper time to generate firing pulses. For ex- 
ample, it may consider the desired speed of the motor, the actual speed of the mo- 
tor, the rate at which it is accelerating or decelerating, and any specified voltage or 
current limits in determining the time to generate the firing pulses. The inputs that 
it considers and the relative weighting applied to those inputs can usually be 
changed by setting switches on the microcomputer’s circuit board, making solid- 
state motor drives with digital pulse generation circuits very flexible. A typical dig- 
ital pulse generation circuit board from a pulse-width-modulated induction motor 
drive is shown in Figure 3-22. Examples of solid-state ac and de motor drives con- 
taining such digital firing circuits are described in Chapters 7 and 9, respectively. 

The production of pulses for triggering SCRs, GTOs, and TRIACs is one of 
the most complex aspects of solid-state power control. The simple analog circuits 
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| Atypical digital pulse generation circuit board from a pulse-width- 
¢ > im Ue ee te ea ae modulated (PWM) induction motor drive. (Courtesy of MagneTek 
* Drives and Systems.) 


Vo(?) 


FIGURE 3-23 
A relaxation oscillator (or pulse generator) using a PNPN diode. 


shown here are examples of only the most primitive types of pulse-producing cir- 
cuits—more advanced ones are beyond the scope of this book. 


A Relaxation Oscillator Using a PNPN Diode 


Figure 3—23 shows a relaxation oscillator or pulse-generaling circuit built with a 
PNPN diode. In order for this circuit to work, the following conditions must be true: 


1. The power supply voltage Vpc must exceed Vg for the PNPN diode. 
2. Vpc/R, must be less than J,, for the PNPN diode. 
3. R, must be much larger than Ry. 


When the switch in the circuit is first closed, capacitor C will charge 
through resistor R, with time constant 7 = R,C. As the voltage on the capacitor 
builds up, it will eventually exceed Vgq and the PNPN diode will turn on. Once 
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FIGURE 3-24 


(a) The voltage across the capacitor in the relaxation oscillator. (b) The output voltage of the 
relaxation oscillator. (c) The output voltage of the oscillator after R, is decreased. 


the PNPN diode turns on, the capacitor will discharge through it. The discharge 
will be very rapid because R, is very small compared to R,. Once the capacitor is 
discharged, the PNPN diode will turn off, since the steady-state current coming 
through R, is less than the current /,, of the PNPN diode. 

The voltage across the capacitor and the resulting output voltage and current 
are shown in Figure 3—24a and b, respectively. 

The timing of these pulses can be changed by varying R,. Suppose that re- 
sistor R, is decreased. Then the capacitor will charge more quickly, and the PNPN 
diode will be triggered sooner. The pulses will thus occur closer together (see 
Figure 3-24¢). 
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(a) Using a pulse generator to directly trigger an SCR. (b) Coupling a pulse generator to an SCR 
through a transformer. (c) Connecting a pulse generator to an SCR through a transistor amplifier to 
increase the strength of the pulse. 


FIGURE 3-25 


This circuit can be used to trigger an SCR directly by removing R, and con- 
necting the SCR gate lead in its place (see Figure 3-25a). Alternatively, the pulse 
circuit can be coupled to the SCR through a transformer, as shown in Figure 
3-25b. If more gate current is needed to drive the SCR or TRIAC, then the pulse 
can be amplified by an extra transistor stage, as shown in Figure 3—25c. 

The same basic circuit can also be built by using a DIAC in place of the 
PNPN diode (see Figure 3-26). It will function in exactly the same fashion as pre- 
viously described. 

In general, the quantitative analysis of pulse generation circuits is very com- 
plex and beyond the scope of this book. However, one simple example using a re- 
laxation oscillator follows. It may be skipped with no loss of continuity, if desired. 
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FIGURE 3-26 


A relaxation oscillator using a DIAC instead of a PNPN diode. 


FIGURE 3-27 
The relaxation oscillator of Example 3-2. 
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Example 3-2. Figure 3-27 shows a simple relaxation oscillator using a PNPN 


diode. In this circuit, 


Voc = 120V R, = 100k 
C=1yF R,=1k0 
Veo = 75V Jy = 10mA 
(a) Determine the firing frequency of this circuit. 
(b) Determine the firing frequency of this circuit if R, is increased to 150 kQ. 


Solution 


(a) When the PNPN diode is turned off, capacitor C charges through resistor R, 
with a time constant t = R,C, and when the PNPN diode turns on, capacitor C 
discharges through resistor R, with time constant t = R,C. (Actually, the dis- 
charge rate is controlled by the parallel combination of R, and R,, but since 
R, >> R,, the parallel combination is essentially the same as R, itself.) From 
elementary circuit theory, the equation for the voltage on the capacitor as a 
function of time during the charging portion of the cycle is 


v(t) = A + BeWVRC 
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where A and B are constants depending on the initial conditions in the circuit. 
Since v-(0) = 0 V and v(eo) = Voc, it is possible to solve for A and B: 


A = ve(e) = Voc 
A+ B=v(0) =0> B= —-Voe 


Therefore, 
¥o(t) => Voc = Voc eT # RC (3-4) 


The time at which the capacitor will reach the breakover voltage is found by 
solving for time f in Equation (3-4): 


Voc — V, 
t = —R,C in (3-5) 
bc 
In this case, 
V-75V 
1 = —(100 KOI PF) In #2 ES 


= 98 ms 


Similarly, the equation for the voltage on the capacitor as a function of time dur- 
ing the discharge portion of the cycle turns out to be 


V(t) = Vane MRE (3-6) 
so the current flow through the PNPN diode becomes 


V, 
i(t) = 5 al (3-7) 


If we ignore the continued trickle of current through R,, the time at which i(f) 
reaches /,, and the PNPN diode turns off is 


fyR2 


bh = —R,C ine (3-8) 
BO 
= (40 mA) kQ) _ 
= =(1kQ)\(1 pF) In 10 mA KO =2ms 


Therefore, the total period of the relaxation oscillator is 
T=, +t, = 98ms + 2ms = 100ms 


and the frequency of the relaxation oscillator is 


f= ; = 10Hz 
(b) If R, is increased to 150 kQ, the capacitor charging time becomes 
t, = -R,C ln “peo 
DC 
= —(150 kO\(1 uF) in OSPR Y 


147 ms 
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The capacitor discharging time remains unchanged at 


Ly 
V, 


Therefore, the total period of the relaxation oscillator is 
T=, +t, = 147 ms + 2ms = 149 ms 


and the frequency of the relaxation oscillator is 


Ae 
f= 495 7 OTT Hz 


Pulse Synchronization 


In ac applications, it is important that the triggering pulse be applied to the con- 
trolling SCRs at the same point in each ac cycle. The way this is normally done is 
to synchronize the pulse circuit to the ac power line supplying power to the SCRs. 
This can easily be accomplished by making the power supply to the triggering cir- 
cuit the same as the power supply to the SCRs. 

If the triggering circuit is supplied from a half-cycle of the ac power line, the 
RC circuit will always begin to charge at exactly the beginning of the cycle, so the 
pulse will always occur at a fixed time with respect to the beginning of the cycle. 

Pulse synchronization in three-phase circuits and inverters is much more 
complex and is beyond the scope of this book. 


3.4 VOLTAGE VARIATION BY 
AC PHASE CONTROL 


The level of voltage applied to a motor is one of the most common variables in 
motor-control applications. The SCR and the TRIAC provide a convenient tech- 
nique for controlling the average voltage applied to a load by changing the phase 
angle at which the source voltage is applied to it. 


AC Phase Control for a DC Load Driven from an 
AC Source 


Figure 3-28 illustrates the concept of phase angle power control. The figure 
shows a voltage-phase-control circuit with a resistive dc load supplied by an ac 
source. The SCR in the circuit has a breakover voltage for ig = 0 A that is greater 
than the highest voltage in the circuit, while the PNPN diode has a very low 
breakover voltage, perhaps 10 V or so. The full-wave bridge circuit ensures that 
the voltage applied to the SCR and the load will always be de. 

If the switch S, in the picture is open, then the voltage V, at the terminals of 
the rectifier will just be a full-wave rectified version of the input voltage (see Fig- 
ure 3-29). 

If switch S, is shut but switch S, is left open, then the SCR will always be 
off. This is true because the voltage out of the rectifier will never exceed Vgo for 
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FIGURE 3-28 
A circuit controlling the voltage to a de load by phase angle control. 


v4 


! FIGURE 3-29 
The voltage at the output of the 
bridge circuit with switch 5, open. 


the SCR. Since the SCR is always an open circuit, the current through it and the 
load, and hence the voltage on the load, will still be zero. 

Now suppose that switch S, is closed. Then, at the beginning of the first half- 
cycle after the switch is closed, a voltage builds up across the RC network, and the 
capacitor begins to charge. During the time the capacitor is charging, the SCR is 
off, since the voltage applied to it has not exceeded Vgo. As time passes, the ca- 
pacitor charges up to the breakover voltage of the PNPN diode, and the PNPN 
diode conducts. The current flow from the capacitor and the PNPN diode flows 
through the gate of the SCR, lowering Vgo for the SCR and turning it on. When the 
SCR turns on, current flows through it and the load. This current flow continues tor 
the rest of the half-cycle, even after the capacitor has discharged, since the SCR 
turns off only when its current falls below the holding current (since J, is a few 
milliamperes, this does not occur until the extreme end of the half-cycle). 

At the beginning of the next half-cycle, the SCR is again off. The RC circuit 
again charges up over a finite period and triggers the PNPN diode. The PNPN 
diode once more sends a current to the gate of the SCR, turning it on. Once on, the 
SCR remains on for the rest of the cycle again. The voltage and current wave- 
forms for this circuit are shown in Figure 3-30. 

Now for the critical question: How can the power supplied to this load be 
changed? Suppose the value of R is decreased. Then at the beginning of each half- 
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FIGURE 3-30 

The voltages across the capacitor, 
SCR, and load, and the current 
through the load, when switches 
5, and $ are closed. 


Voaatt ) 


FIGURE 3-31 

The effect of decreasing R on the 
output voltage applied to the load in 
Ry Ry the circuit of Figure 3-28. 


cycle, the capacitor will charge more quickly, and the SCR will fire sooner. Since 
the SCR will be on for longer in the half-cycle, more power will be supplied to the 
load (see Figure 3-31). The resistor R in this circuit controls the power flow to the 
load in the circuit. 

The power supplied to the load is a function of the time that the SCR fires; 
the earlier that it fires, the more power will be supplied. The firing time of the 
SCR is customarily expressed as a firing angle, where the firing angle is the angle 
of the applied sinusoidal voltage at the time of firing. The relationship between 
the firing angle and the supplied power will be derived in Example 3-3. 
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FIGURE 3-32 
(a) A circuit controlling the voltage to an ac load by phase angle control. (b) Voltages on the source, 
the load, and the SCR in this controller. 


AC Phase Angle Control for an AC Load 


It is possible to modify the circuit in Figure 3-28 to control an ac load simply by 
moving the load from the de side of the circuit to a point before the rectifiers. The 
resulting circuit is shown in Figure 3—32a, and its voltage and circuit waveforms 
are shown in Figure 3—32b. 

However, there is a much easier way to make an ac power controller. If the 
same basic circuil is used with a DIAC in place of the PNPN diode and a TRIAC 
in place of the SCR, then the diode bridge circuit can be completely taken out of 
the circuit. Because both the DIAC and the TRIAC are two-way devices, they op- 
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Vp 

TRIAC 
FIGURE 3-33 
An ac phase angle controller using 
a DIAC and TRIAC. 

FIGURE 3-34 


An ac phase angle controller using a TRIAC 
triggered by a digital pulse circuit. 


erate equally well on either half-cycle of the ac source. An ac phase power con- 
troller with a DIAC and a TRIAC is shown in Figure 3-33. 


Example 3-3. Figure 3-34 shows an ac phase angle controller supplying power to 
a resistive load. The circuit uses a TRIAC triggered by a digital pulse circuit that can pro- 
vide firing pulses at any point in each half-cycle of the applied voltage v(t). Assume that 
the supply voltage is 120 V rms at 60 Hz. 


(a) Determine the rms voltage applied to the load as a function of the firing angle of 
the pulse circuit, and plot the relationship between firing angle and the supplied 
voltage. 

(6) What firing angle would be required to supply a voltage of 75 V rms to the load? 


Solution 
(a) This problem is ideally suited to solution using MATLAB because it involves a 
repetitive calculation of the rms voltage applied to the load at many different fir- 
ing angles, We will solve the problem by calculating the waveform produced by 
firing the TRIAC at each angle from 1° to 179°, and calculating the rms voltage 
of the resulting waveform. (Note that only the positive half cycle is considered, 
since the negative half cycle is symmetrical.) 
The first step in the solution process is to produce a MATLAB function 
that mimics the load voltage for any given wf and firing angle. Function 
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ac 


that time. 


function volts = ac_phase_controller (wt ,deg) 


% 
% 
% 
% 
% 


% 


Function to simulate the output of the positive half 


cycle of an ac phase angle controller with a peak 
voltage of 120 * SORT(2) = 170 V. 

wt = Phase in radians (=omega x time) 

deg = Firing angle in degrees 


Degrees to radians conversion factor 


deg2rad = pi / 180; 


% 


Simulate the output of the phase angle controller. 


if wt > deg * deg2rad; 


volts = 170 * sin(wt); 


else 


volts = 0; 


end 


The next step is to write an m-file that creates the load waveform for each pos- 
sible firing angle, and calculates and plots the resulting rms voltage. The m-file 
shown below uses function ac_phase_controller to calculate the load 
voltage waveform for each firing angle, and then calculates the rms voltage of 


that waveform. 


% M-file: volts_vs_phase_angle.m 


% M-file to calculate the rms voltage applied to a load as 


% a function of the phase angle firing circuit, and to 
% plot the resulting relationship. 


% Loop over all firing angles (1 to 179 degrees) 


deg 
ris 
for 


end 


= zeros(1,179); 
= zeros(1,179); 
ii = 1:179 


% Save firing angle 
deg(ii) = ii; 


% First, generate the waveform to analyze. 
waveform = zeros(1,180); 
for jj = 1:180 

waveform(jj) = ac_phase_controller(jj*pi/180,ii); 
end 


% Now calculate the rms voltage of the waveform 
temp = sum(waveform.%*2) ; 
rms (ii) = sgqrt(temp/180); 


_ phase_controller does this. It accepts two input arguments, a nor- 
malized time wf in radians and a firing angle in degrees. If the time wr is earlier 
than the firing angle, the load voltage at that time will be O V. If the time wr is 
after the firing angle, the load voltage will be the same as the source voltage for 


Volts 
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% Plot rms voltage of the load as a function of firing angle 


plot (deg, rms) ; 
title('Load Voltage vs. Firing Angle'); 
Xlabel('Firing angle (deg)'); 
ylabel('RMS voltage (V)'); 


grid on; 


Two examples of the waveform generated by this function are shown in 


Figure 3-35. 


Load voltage for a 45° firing angle 


0 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
wf! (radians) 
(a) 


Load voltage for a 90° firing angle 


2.0 2.5 3.0 3.5 


0 
0 0.5 1.0 1.5 
wt (radians) 


(b) 


FIGURE 3-35 
Waveform produced by volts_vs_phase_angle fora firing angle of (a) 45°: (b) 90°. 
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RMS voltage (V) 


0 
0 20 4 60 80 100 120 140 160 180 
Firing angle (deg) 


FIGURE 3-36 
Plot of rms load voltage versus TRIAC firing angle. 


When this m-file is executed, the plot shown in Figure 3-36 results. Note 
that the earlier the firing angle, the greater the rms voltage supplied to the load. 
However, the relationship between firing angle and the resulting voltage is not 
linear, so it is not easy to predict the required firing angle to achieve a given load 
voltage. 

(b) The firing angle required to supply 75 V to the load can be found from Figure 
3-36. It is about 99°. 


The Effect of Inductive Loads on Phase 
Angle Control 


If the load attached to a phase angle controller is inductive (as real machines are), 
then new complications are introduced to the operation of the controller. By the 
nature of inductance, the current in an inductive load cannot change instanta- 
neously. This means that the current to the load will not rise immediately on firing 
the SCR (or TRIAC) and that the current will not stop flowing at exactly the end 
of the half-cycle. At the end of the half-cycle, the inductive voltage on the load 
will keep the device turned on for some time into the next half-cycle, until the cur- 
rent flowing through the load and the SCR finally falls below 7, Figure 3-37 
shows the effect of this delay in the voltage and current waveforms for the circuit 
in Figure 3-32. 

A large inductance in the load can cause two potentially serious problems 
with a phase controller: 


1. The inductance can cause the current buildup to be so slow when the SCR is 
switched on that it does not exceed the holding current before the gate current 
disappears. If this happens, the SCR will not remain on, because its current is 
less than [,. 
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FIGURE 3-37 
The effect of an inductive load on the current and voltage waveforms of the circuit shown in 
Figure 3-32. 


2. If the current continues long enough before decaying to /,, after the end of a 
given cycle, the applied voltage could build up high enough in the next cycle 
to keep the current going, and the SCR will never switch off. 


The normal solution to the first problem is to use a special circuit to provide 
a longer gating current pulse to the SCR. This longer pulse allows plenty of time 
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FIGURE 3-38 
A phase angle controller illustrating the use of a free-wheeling diode with an inductive load. 


for the current through the SCR to rise above J,,, permitting the device to remain 
on for the rest of the half-cycle. 

A solution to the second problem is to add a free-wheeling diode. A free- 
wheeling diode is a diode placed across a load and oriented so that it does not con- 
duct during normal current flow. Such a diode is shown in Figure 3-38. At the end 
of a half-cycle, the current in the inductive load will attempt to keep flowing in the 
same direction as it was going. A voltage will be built up on the load with the po- 
larity required to keep the current flowing. This voltage will forward-bias the free- 
wheeling diode, and it will supply a path for the discharge current from the load. 
In that manner, the SCR can turn off without requiring the current of the inductor 
to instantly drop to zero. 


3.5 DC-TO-DC POWER CONTROL— 
CHOPPERS 


Sometimes it is desirable to vary the voltage available from a dc source before ap- 
plying it to a load. The circuits which vary the voltage of a dc source are called dc- 
to-de converters or choppers. In a chopper circuit, the input voltage is a constant 
de voltage source, and the output voltage is varied by varying the fraction of the 
time that the dc source is connected to its load. Figure 3-39 shows the basic prin- 
ciple of a chopper circuit. When the SCR is triggered, it turns on and power is sup- 
plied to the load. When it turns off, the dc source is disconnected from the load. 
In the circuit shown in Figure 3-39, the load is a resistor, and the voltage on 
the load is either Voc or O. Similarly, the current in the load is either Vp-/R or 0. It 
is possible to smooth out the load voltage and current by adding a series inductor 
to filter out some of the ac components in the waveform. Figure 3-40 shows a 
chopper circuit with an inductive filter. The current through the inductor increases 
exponentially when the SCR is on and decreases exponentially when the SCR is 
off. If the inductor is large, the time constant of the current changes (t = L/R) will 
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FIGURE 3-39 
(a) The basic principle of a chopper circuit. (b) The input voltage to the circuit. (c) The resulting 
voltage on the load. 


be long relative to the on/off cycle of the SCR and the load voltage and current 
will be almost constant at some average value. 

In the case of ac phase controllers, the SCRs automatically turn off at the end 
of each half-cycle when their currents go to zero. For de circuits, there is no point 
at which the current naturally falls below 7, so once an SCR is turned on, it never 
turns off. To turn the SCR off again at the end of a pulse, it is necessary to apply a 
reverse voltage to it for a short time. This reverse voltage stops the current flow and 
turns off the SCR. Once it is off, it will not turn on again until another pulse enters 
the gate of the SCR. The process of forcing an SCR to turn off at a desired time is 
known as forced commutation. 

GTO thyristors are ideally suited for use in chopper circuits, since they are 
self-commutating. In contrast to SCRs, GTOs can be turned off by a negative cur- 
rent pulse applied to their gates. Therefore, the extra circuitry needed in an SCR 
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FIGURE 3-40 
A chopper circuit with an inductive filter to smooth out the load voltage and current. 


chopper circuit to turn off the SCR can be eliminated from a GTO thyristor chop- 
per circuit (Figure 3-41a). Power transistors are also self-commutating and are 
used in chopper circuits that fall within their power limits (Figure 3-4 1b). 

Chopper circuits are used with dc power systems to vary the speed of dc 
motors. Their greatest advantage for de speed control compared to conventional 
methods is that they are more efficient than the systems (such as the Ward- 
Leonard system described in Chapter 6) that they replace. 


Forced Commutation in Chopper Circuits 


When SCRs are used in choppers, a forced-commutation circuit must be included 
to turn off the SCRs at the desired time. Most such forced-commutation circuits 
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FIGURE 41 
(a) A chopper circuit made with a GTO thyristor. (b) A chopper circuit made with a transistor. 


FIGURE 3-42 
A series-capacitor forced-commutation chopper circuit. 


depend for their turnoff voltage on a charged capacitor. Two basic versions of ca- 
pacitor commutation are examined in this brief overview: 


1. Series-capacitor commutation circuits 
2. Parallel-capacitor commutation circuits 


Series-Capacitor Commutation Circuits 


Figure 3-42 shows a simple de chopper circuit with series-capacitor commuta- 
tion. It consists of an SCR, a capacitor, and a load, all in series with each other. 
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FIGURE 3-43 
The capacitor and load voltages in the series chopper circuit. 


The capacitor has a shunt discharging resistor across it, and the load has a free- 
wheeling diode across it. 

The SCR is initially turned on by a pulse applied to its gate. When the SCR 
turns on, a voltage is applied to the load and a current starts flowing through it. 
But this current flows through the series capacitor on the way to the load, and the 
capacitor gradually charges up. When the capacitor’s voltage nearly reaches Vp., 
the current through the SCR drops below J, and the SCR turns off. 

Once the capacitor has turned off the SCR, it gradually discharges through 
resistor R. When it is totally discharged, the SCR is ready to be fired by another 
pulse at its gate. The voltage and current waveforms for this circuit are shown in 
Figure 3-43. 

Unfortunately, this type of circuit is limited in terms of duty cycle, since the 
SCR cannot be fired again until the capacitor has discharged. The discharge time 
depends on the time constant t = RC, and C must be made large in order to let a 
lot of current flow to the load before it turns off the SCR. But R must be large, 
since the current leaking through the resistor has to be less than the holding cur- 
rent of the SCR. These two facts taken together mean that the SCR cannot be re- 
fired quickly after it turns off. It has a long recovery time. 

An improved series-capacitor commutation circuit with a shortened recov- 
ery time is shown in Figure 3-44. This circuit is similar to the previous one except 
that the resistor has been replaced by an inductor and SCR in series. When SCR is 
fired, current will flow to the load and the capacitor will charge up, cutting off 
SCR,. Once it is cut off, SCR, can be fired, discharging the capacitor much more 
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(a) A series-capacitor forced-commutation chopper circuit with improved capacitor recovery time. 
(b) The resulting capacitor and load voltage waveforms. Note that the capacitor discharges much 
more rapidly, so SCR, could be refired sooner than before. 


quickly than the resistor would. The inductor in series with SCR, protects SCR, 
from instantaneous current surges that exceed its ratings. Once the capacitor dis- 
charges, SCR, turns off and SCR, is ready to fire again. 


Parallel-Capacitor Commutation Circuits 


The other common way to achieve forced commutation is via the parallel- 
capacitor commutation scheme. A simple example of the parallel-capacitor 
scheme is shown in Figure 3-45. In this scheme, SCR, is the main SCR, supply- 
ing power to the load, and SCR, controls the operation of the commutating capac- 
itor. To apply power to the load, SCR, is fired. When this occurs, a current flows 
through the SCR to the load, supplying power to it. Also, capacitor C charges up 
through resistor R to a voltage equal to the supply voltage Voc. 

When the time comes to turn off the power to the load, SCR, is fired. When 
SCR, is fired, the voltage across it drops to zero. Since the voltage across a 
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FIGURE 3-45 
A parallel-capacitor forced-commutation chopper circuit. 


FIGURE 3+46 


A parallel-capacitor forced-commutation chopper circuit with improved capacitor charging time. 
SCR; permits the load power to be turned off more quickly than it could be with the basic parallel- 
capacitor circuit. 


Capacitor cannot change instantaneously, the voltage on the left side of the capaci- 
tor must instantly drop to —Vpc volts. This turns off SCR,, and the capacitor 
charges through the load and SCR, to a voltage of Vpc volts positive on its left side. 
Once capacitor C is charged, SCR, turns off, and the cycle is ready to begin again. 

Again, resistor R, must be large in order for the current through it to be less 
than the holding current of SCR,. But a large resistor R, means that the capacitor 
will charge only slowly after SCR, fires. This limits how soon SCR, can be turned 
off after it fires, setting a lower limit on the on time of the chopped wavetorm. 

A circuit with a reduced capacitor charging time is shown in Figure 3-46. In 
this circuit SCR; is triggered at the same time as SCR, is, and the capacitor can 
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charge much more rapidly. This allows the current to be turned off much more 
rapidly if it is desired to do so. 

In any circuit of this sort, the free-wheeling diode is extremely important. 
When SCR, is forced off, the current through the inductive load must have an- 
other path available to it, or it could possibly damage the SCR. 


3.6 INVERTERS 


Perhaps the most rapidly growing area in modern power electronics is static fre- 
quency conversion, the conversion of ac power at one frequency to ac power at 
another frequency by means of solid-state electronics. Traditionally there have 
been two approaches to static ac frequency conversion: the cyclocenverter and the 
rectifier-inverter. The cycloconverter 1s a device for directly converting ac power 
at one frequency to ac power at another frequency, while the rectifier-inverter first 
converts ac power to de power and then converts the dc power to ac power again 
at a different frequency. This section deals with the operation of rectifier-inverter 
circuits, and Section 3.7 deals with the cycloconverter. 
A rectifier-inverter is divided into two parts: 


1. A rectifier to produce de power 
2. An inverter to produce ac power from the de power. 


Each part is treated separately. 


The Rectifier 


The basic rectifier circuits for converting ac power to dc power are described in 
Section 3.2. These circuits have one problem from a motor-control point of 
view—their output voltage is fixed for a given input voltage. This problem can be 
overcome by replacing the diodes in these circuits with SCRs. 

Figure 3-47 shows a three-phase full-wave rectifier circuit with the diodes 
in the circuits replaced by SCRs. The average dc output voltage from this circuit 
depends on when the SCRs are triggered during their positive half-cycles. If they 
are triggered at the beginning of the half-cycle, this circuit will be the same as that 
of a three-phase full-wave rectifier with diodes. If the SCRs are never triggered, 
the output voltage will be O V. For any other firing angle between 0° and 180° on 
the waveform, the dc output voltage will be somewhere between the maximum 
value and 0 V. 

When SCRs are used instead of diodes in the rectifier circuit to get control 
of the de voltage output, this output voltage will have more harmonic content than 
a simple rectifier would, and some form of filter on its output is important. Figure 
3-47 shows an inductor and capacitor filter placed at the output of the rectifier to 
help smooth the de output. 
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FIGURE 3-47 
A three-phase rectifier circuit using SCRs to provide control of the dc output voltage level. 


Synchronous motor 


FIGURE 3-48 
An external commutation inverter. 


External Commutation Inverters 


Inverters are classified into two basic types by the commutation technique used: 
external commutation and self-commutation. External commutation inverters are 
inverters in which the energy required to turn off the SCRs is provided by an ex- 
ternal motor or power supply. An example of an external commutation inverter is 
shown in Figure 3-48. The inverter is connected to a three-phase synchronous 
motor, which provides the countervoltage necessary to turn off one SCR when its 


companion is fired. 


The SCRs in this circuit are triggered in the following order: SCR,, SCRg, 
SCR,, SCR, SCR3, SCR,. When SCR, fires, the internal generated voltage in the 
synchronous motor provides the voltage necessary to turn off SCR;. Note that if 
the load were not connected to the inverter, the SCRs would never be turned off 


and after 4 cycle a short circuit would develop through SCR, and SCR,. 
This inverter is also called a load-commutated inverter. 
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Self-Commutation Inverters 


If it is not possible to guarantee that a load will always provide the proper coun- 
tervoltage for commutation, then a self-commutation inverter must be used. A 
self-commutation inverter is an inverter in which the active SCRs are turned off 
by energy stored in a capacitor when another SCR is switched on. It is also possi- 
ble to design self-commutation inverters using GTOs or power transistors, in 
which case commutation capacitors are not required. 

There are three major types of self-commutation inverters: current source in- 
verters (CSIs), voltage source inverters (VSIs), and pulse-width modulation 
(PWM) inverters. Current source inverters and voltage source inverters are simpler 
than PWM inverters and have been used for a longer time. PWM inverters require 
more complex control circuitry and faster switching components than CSIs and 
VSIs. CSIs and VSIs are discussed first. Current source inverters and voltage 
source inverters are compared in Figure 3-49. 

In the current source inverter, a rectifier is connected to an inverter through 
a large series inductor Ls. The inductance of Ls is sufficiently large that the direct 
Current is constrained to be almost constant. The SCR current output waveform 
will be roughly a square wave, since the current flow J; is constrained to be nearly 
constant. The line-to-line voltage will be approximately triangular. It is easy to 
limit overcurrent conditions in this design, but the output voltage can swing 
widely in response to changes in load. 

In the voltage source inverter, a rectifier is connected to an inverter through 
a series inductor Ls and a parallel capacitor C. The capacitance of C is sufficiently 
large that the voltage is constrained to be almost constant. The SCR line-to-line 
voltage output waveform will be roughly a square wave, since the voltage V¢ is 
constrained to be nearly constant. The output current flow will be approximately 
triangular. Voltage variations are small in this circuit, but currents can vary wildly 
with variations in load, and overcurrent protection is difficult to implement. 

The frequency of both current and voltage source inverters can be easily 
changed by changing the firing pulses on the gates of the SCRs, so both inverters 
can be used to drive ac motors at variable speeds (see Chapter 10). 


A Single-Phase Current Source Inverter 


A single-phase current source inverter circuit with capacitor commutation is 
shown in Figure 3-50. It contains two SCRs, a capacitor, and an output trans- 
former. To understand the operation of this circuit, assume initially that both SCRs 
are off. If SCR, is now turned on by a gate current, voltage Voc will be applied to 
the upper half of the transformer in the circuit. This voltage induces a voltage Voc 
in the lower half of the transformer as well, causing a voltage of 2Vp¢ to be built 
up across the capacitor. The voltages and currents in the circuit at this time are 
shown in Figure 3—50Ob. 

Now SCR, is turned on. When SCR, is turned on, the voltage at the cathode 
of the SCR will be Vpc. Since the voltage across a capacitor cannot change 
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FIGURE 3449 
Comparison of current source inverters and voltage source inverters. 


instantaneously, this forces the voltage at the top of the capacitor to instantly be- 
come 3Vp-. turning off SCR,. At this point, the voltage on the bottom half of the 
transformer is built up positive at the bottom to negative at the top of the winding, 
and its magnitude is V,.. The voltage in the bottom half induces a voltage Vp. in 
the upper half of the transformer, charging the capacitor C up to a voltage of 2V,., 
oriented positive at the bottom with respect to the top of the capacitor. The condi- 
tion of the circuit at this time is shown in Figure 3—50c. 

When SCR, is fired again, the capacitor voltage cuts off SCR,, and this 
process repeats indefinitely. The resulting voltage and current waveforms are 
shown in Figure 3-51. 
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FIGURE 3-50 
(a) A simple single-phase inverter circuit. (b) The voltages and currents in the circuit when SCR, is 
triggered. (c) The voltages and currents in the circuit when SCR; is triggered. 


A Three-Phase Current Source Inverter 


Figure 3-52 shows a three-phase current source inverter. In this circuit, the six 
SCRs fire in the order SCR,, SCR., SCR;, SCRy, SCR3, SCRs. Capacitors C, 
through C, provide the commutation required by the SCRs. 
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FIGURE 3-51 

Plots of the voltages and current in the inverter circuit: V, is the voltage at the cathode of SCR,, and 
V, is the voltage at the cathode of SCR. Since the voltage at their anodes is Vpc, any time V, or V, 
exceeds Vpc, that SCR is turned off. 4.4 is the current supplied to the inverter’s load. 
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FIGURE 3-52 
A three-phase current source inverter. 


To understand the operation of this circuit, examine Figure 3-53. Assume 
that initially SCR, and SCR, are conducting. as shown in Figure 3-53a. Then a 
voltage will build up across capacitors C,, C,, C,, and C, as shown on the dia- 
gram. Now assume that SCR, is gated on. When SCR, is turned on, the voltage at 
point 6 drops to zero (see Figure 3-53b). Since the voltage across capacitor C, 
cannot change instantaneously, the anode of SCR, is biased negative, and SCR, is 
turned off. Once SCR, is on, all the capacitors charge up as shown in Figure 
3-53c, and the circuit is ready to turn off SCR, whenever SCR, is turned on. This 
same commutation process applies to the upper SCR bank as well. 

The output phase and line current from this circuit are shown in Figure 3—53d. 


A Three-Phase Voltage Source Inverter 


Figure 3-54 shows a three-phase voltage source inverter using power transistors 
as the active elements. Since power transistors are self-commutating, no special 
commutation components are included in this circuit. 


007 


Rectifier 


When SCR,g fires, 
V, — O. Therefore 
the anode voltage of 
SCR; (vs) becomes 
negative, and 

SCR; turns off. 


FIGURE 3-53 
The operation of the three-phase CSI. (a) Initially, SCR, and SCR; are conducting. Note how the commutating capacitors have charged up. (b) The situation when SCR, fires. The 
voltage at the anode of SCRg falls almost instantaneously to zero. Since the voltage across capacitor Cs cannot change instantaneously, the voltage at the anode of SCR; will become 


negative, and SCR; will tum off. 
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try FIGURE 3-53 (concluded) 
= (c) Now SCR, and SCR, are conducting, and the commutating capacitors charge up as shown. (d) The gating pulses, SCR conducting intervals, and the output current from this 


inverter. 
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FIGURE 3-54 
(a) A three-phase voltage source inverter using power transistors. 


In this circuit, the transistors are made to conduct in the order T,, 7,, T>, T,, 
T;, T;. The output phase and line voltage from this circuit are shown in Fig- 
ure 3-54b. 


Pulse-Width Modulation Inverters 


Pulse-width modulation is the process of modifying the width of the pulses in a 
pulse train in direct proportion to a small control signal; the greater the control 
voltage, the wider the resulting pulses become. By using a sinusoid of the desired 
frequency as the control voltage for a PWM circuit, it is possible to produce a 
high-power waveform whose average voltage varies sinusoidally in a manner 
suitable for driving ac motors. 

The basic concepts of pulse-width modulation are illustrated in Figure 3-55. 
Figure 3—55a shows a single-phase PWM inverter circuit using IGBTs. The states 
of IGBT, through IGBT, in this circuit are controlled by the two comparators 
shown in Figure 3-55b. 

A comparator is a device that compares the input voltage v,,(f) to a refer- 
ence signal and turns transistors on or off depending on the results of the test. 
Comparator A compares v,,(f) to the reference voltage v,(t) and controls IGBTs 7, 
and 7, based on the results of the comparison. Comparator B compares v,,(f) to the 
reference voltage v,(2) and controls IGBTs T; and 7, based on the results of the 
comparison. If v,,(f) is greater than v,(7) alt any given time f, then comparator A 
will turn on 7, and turn off 7T,. Otherwise, it will turn off 7, and turn on 7;. Simi- 
larly, if v,,(f) is greater than v,(f) at any given time f, then comparator B will turn 
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FIGURE 3-54 (concluded) 
(b) The output phase and line voltages from the inverter. 
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FIGURE 3-55 
The basic concepts of pulse-width modulation. (a) A single-phase PWM circuit using IGBTs. 


off 7, and turn on 7,. Otherwise, it will turn on 7, and turn off 7. The reference 
voltages v,(f) and v,(f) are shown in Figure 3—55c. 

To understand the overall operation of this PWM inverter circuit, see what 
happens when different control voltages are applied to it. First, assume that the 
control voltage is O V. Then voltages v,() and v,(¢) are identical, and the load volt- 
age out of the circuit v,,,4(f) is zero (see Figure 3-56). 

Next, assume thal a constant positive control voltage equal to one-half of 
the peak reference voltage is applied to the circuit. The resulting output voltage is 
a train of pulses with a 50 percent duty cycle, as shown in Figure 3-57. 

Finally, assume that a sinusoidal control voltage is applied to the circuit as 
shown in Figure 3-58. The width of the resulting pulse train varies sinusoidally 
with the control voltage. The result is a high-power output waveform whose aver- 
age voltage over any small region is directly proportional to the average voltage 
of the control signal in that region. The fundamental frequency of the output 
waveform is the same as the frequency of the input control voltage. Of course, 
there are harmonic components in the output voltage, but they are not usually a 
concern in motor-control applications. The harmonic components may cause ad- 
ditional heating in the motor being driven by the inverter, but the extra heating can 
be compensated for either by buying a specially designed motor or by derating an 
ordinary motor (running it at less than its full rated power). 

A complete three-phase PWM inverter would consist of three of the single- 
phase inverters described above with control voltages consisting of sinusoids 
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FIGURE 3-55 (concluded) 
(b) The comparators used to control the on and off states of the transistors. (c) The reference voltages 
used in the comparators. 


shifted by 120° between phases. Frequency control ina PWM inverter of this sort 
is accomplished by changing the frequency of the input control voltage. 

A PWM inverter switches states many times during a single cycle of the re- 
sulting output voltage. At the time of this writing, reference voltages with frequen- 
cies as high as 12 kHz are used in PWM inverter designs, so the components in a 
PWM inverter must change states up to 24,000 times per second. This rapid switch- 
ing means that PWM inverters require faster components than CSIs or VSIs. PWM 
inverters need high-power high-frequency components such as GTO thyristors, 
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FIGURE 3-56 
The output of the PWM circuit with an input voltage of 0 V. Note that v,(9 =v,(f), so v,,,4(¢) = 0. 
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The output of the PWM circuit with an input voltage equal to one-half of the peak comparator 
voltage. 


“ind ut s}1 oy pardde a8e[oa [aNuCO Eprosnuls & WIM WNOAS WAid AH Jo indjno ayy 
8S-t WHNAOLI 


(1) Ola 


(1)"a 


Ga aa aa 


208 


INTRODUCTION TO POWER ELECTRONICS 209 


IGBTs, and/or power transistors for proper operation. (At the time of this writing, 
IGBTs have the advantage for high-speed, high-power switching, so they are the 
preferred component for building PWM inverters.) The control voltage fed to the 
comparator circuits is usually implemented digitally by means of a microcomputer 
mounted on a circuit board within the PWM motor controller. The control voltage 
(and therefore the output pulse width) can be controlled by the microcomputer in 
a manner much more sophisticated than that described here. It is possible for the 
microcomputer to vary the control voltage to achieve different frequencies and 
voltage levels in any desired manner. For example, the microcomputer could im- 
plement various acceleration and deceleration ramps, current limits, and voltage- 
versus-frequency curves by simply changing options in software. 

A real PWM-based induction motor drive circuit is described in Section 7.10. 


3.7 CYCLOCONVERTERS 


The cycloconverter is a device for directly converting ac power at one frequency 
to ac power at another frequency. Compared to rectifier-inverter schemes, cyclo- 
converters have many more SCRs and much more complex gating circuitry. De- 
spite these disadvantages, cycloconverters can be less expensive than rectifier- 
inverters at higher power ratings. 

Cycloconverters are now available in constant-frequency and variable- 
frequency versions. A constant-frequency cycloconverter is used to supply power 
at one frequency from a source at another frequency (e.g., to supply 50-Hz loads 
from a 60-Hz source). Variable-frequency cycloconverters are used to provide a 
variable output voltage and frequency from a constant-voltage and constant- 
frequency source. They are often used as ac induction motor drives. 

Although the details of a cycloconverter can become very complex, the ba- 
sic idea behind the device is simple. The input to a cycloconverter is a three-phase 
source which consists of three voltages equal in magnitude and phase-shifted from 
each other by 120°. The desired output voltage is some specified waveform, usu- 
ally a sinusoid at a different frequency. The cycloconverter generates its desired 
output waveform by selecting the combination of the three input phases which 
most closely approximates the desired output voltage at each instant of time. 

There are two major categories of cycloconverters, noncirculating current 
cycloconverters and circulating current cycloconverters. These types are distin- 
guished by whether or not a current circulates internally within the cyclocon- 
verter; they have different characteristics. The two types of cycloconverters are 
described following an introduction to basic cycloconverter concepts. 


Basic Concepts 


A good way to begin the study of cycloconverters is to take a closer look at the 
three-phase full-wave bridge rectifier circuit described in Section 3.2. This circuit 
is shown in Figure 3-59 attached to a resistive load. In that figure, the diodes are 
divided into two halves, a positive half and a negative half. In the positive half, the 
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Vioad 2) 


V,(0) = Vysin or V 


Va(t) = Vig sin (@t — 120°) V 
Vc(t) = Vay sin (or — 240°) V 


FIGURE 3-59 
A three-phase full-wave diode bridge circuit connected to a resistive load. 


diode with the highest voltage applied to it at any given time will conduct, and it 
will reverse-bias the other two diodes in the section. In the negative half, the diode 
with the lowest voltage applied to it al any given time will conduct, and it will 
reverse-bias the other two diodes in the section. The resulting output voltage is 
shown in Figure 3-60. 

Now suppose that the six diodes in the bridge circuit are replaced by six 
SCRs as shown in Figure 3-61. Assume that initially SCR, is conducting as shown 
in Figure 3-61b. This SCR will continue to conduct until the current through it falls 
below J. If no other SCR in the positive half is triggered, then SCR, will be turned 
off when voltage v4 goes to zero and reverses polarity at point 2. However, if SCR, 
is triggered at any time after point 1, then SCR, will be instantly reverse-biased and 
turned off. The process in which SCR, forces SCR, to turn off is called forced com- 
mutation; it can be seen that forced commutation is possible only tor the phase an- 
gles between points | and 2. The SCRs in the negative half behave in a similar 
manner, as shown in Figure 3-61c. Note that if each of the SCRs is fired as soon as 
commutation is possible, then the output of this bridge circuit will be the same as 
the output of the full-wave diode bridge rectifier shown in Figure 3-59. 

Now suppose that it is desired to produce a linearly decreasing output volt- 
age with this circuit, as shown in Figure 3-62. To produce such an output, the con- 
ducting SCR in the positive half of the bridge circuit must be turned off whenever 
its voltage falls too far below the desired value. This is done by triggering another 
SCR voltage above the desired value. Similarly, the conducting SCR in the nega- 
tive half of the bridge circuit must be turned off whenever its voltage rises too far 
above the desired value. By triggering the SCRs in the positive and negative 
halves at the right time, it is possible to produce an output voltage which de- 
creases in a manner roughly corresponding to the desired waveform. It is obvious 
from examining Figure 3-62 that many harmonic components are present in the 
resulting output voltage. 
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Vioad (t) 
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(a) 
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FIGURE 3-61 
(a) A three-phase full-wave SCR bridge circuit connected to a resistive load. (b) The operation of the 


positive half of the SCRs. Assume that initially SCR, is conducting. If SCR, is triggered at any time 
after point 1, then SCR, will be reverse-biased and shut off. (c) The operation of the negative half of 
the SCRs. Assume that initially SCR, is conducting. If SCR, is triggered at any time after point 1, 
then SCR, will be reverse-biased and shut off. 
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Vioad(t) 


FIGURE 3-62 
Approximating a linearly decreasing voltage with the three-phase full-wave SCR bridge circuit. 
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Positive group ee es group 


FIGURE 3-63 
One phase of a noncirculating current cycloconverter circuit. 


If two of these SCR bridge circuits are connected in parallel with opposite 
polarities, the result is a noncirculating current cycloconverter. 


Noncirculating Current Cycloconverters 


One phase of a typical noncirculating current cycloconverter is shown in Figure 
3-63. A full three-phase cycloconverter consists of three identical units of this 
type. Each unit consists of two three-phase full-wave SCR bridge circuits, one 
conducting current in the positive direction (the positive group) and one conduct- 
ing current in the negative direction (the negative group). The SCRs in these cir- 
cuits are triggered so as to approximate a sinusoidal output voltage, with the SCRs 
in the positive group being triggered when the current flow is in the positive di- 
rection and the SCRs in the negative group being triggered when the current flow 
is in the negative direction. The resulting output voltage is shown in Figure 3-64. 

As can be seen from Figure 3-64, noncirculating current cycloconverters 
produce an output voltage with a fairly large harmonic component. These high 
harmonics limit the output frequency of the cycloconverter to a value less than 
about one-third of the input frequency. 

In addition, note that current flow must switch from the positive group to 
the negative group or vice versa as the load current reverses direction. The cyclo- 
converter pulse-contro] circuits must detect this current transition with a current 
polarity detector and switch from triggering one group of SCRs to triggering the 
other group. There is generally a brief period during the transition in which nei- 
ther the positive nor the negative group is conducting. This current pause causes 
additional glitches in the output waveform. 

The high harmonic content, low maximum frequency, and current glitches 
associated with noncirculating current cycloconverters combine to limit their use. 
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FIGURE +64 

The output voltage and current from a noncirculating current cycloconverter connected to an 
inductive load. Note the switch from the operation of the negative group to the operation of the 
positive group at the time the current changes direction. 


In any practical noncirculating current cycloconverter, a filter (usually a series in- 
ductor or a transformer) is placed between the output of the cycloconverter and 
the load, to suppress some of the output harmonics. 


Circulating Current Cycloconverters 


One phase of a typical circulating current cycloconverter is shown in Figure 3-65. 
It differs from the noncirculating current cycloconverter in that the positive and 
negative groups are connected through two large inductors, and the load is sup- 
plied from center taps on the two inductors. Unlike the noncirculating current cy- 
cloconverter, both the positive and the negative groups are conducting at the same 
time, and a circulating current flows around the loop formed by the two groups 
and the series inductors. The series inductors must be quite large in a circuit of this 
sort to limit the circulating current to a safe value. 

The output voltage from the circulating current cycloconverter has a smaller 
harmonic content than the output voltage from the noncirculating current cyclo- 
converter, and its maximum frequency can be much higher. It has a low power 
factor due to the large series inductors, so a capacitor is often used for power- 
factor compensation. 

The reason that the circulating current cycloconverter has a lower harmonic 
content is shown in Figure 3-66. Figure 3-66a shows the output voltage of the 
positive group, and Figure 3-66b shows the output voltage of the negative group. 
The output voltage v,,,4(f) across the center taps of the inductors is 


Viosit) — Vneo(2) . 
Vioad(!) = = ge (3-9) 


917 


isolation 
transformer 


Ypos(t) = Vueg'!) 


Vioad (4) = 5 


FIGURE 3-65 
One phase of a six-pulse type of circulating current cycloconverter. 
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Many of the high-frequency harmonic components which appear when the posi- 
tive and negative groups are examined separately are common to both groups. As 
such, they cancel during the subtraction and do not appear at the terminals of the 
cycloconverter. 

Some recirculating current cycloconverters are more complex than the one 
shown in Figure 3-65. With more sophisticated designs, it is possible to make 
cycloconverters whose maximum output frequency can be even higher than their 
input frequency. These more complex devices are beyond the scope of this book. 


FIGURE 3-66 
Voltages in the six-pulse circulating current cycloconverter. (a) The voltage out of the positive group; 
(b) the voltage out of the negative group. 
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Voad(f) = 


FIGURE 3-66 (concluded) 
(c) the resulting load voltage. 


3.8 HARMONIC PROBLEMS 


Power electronic components and circuits are so flexible and useful that equip- 
ment controlled by them now makes up 50 to 60 percent of the total load on most 
power systems in the developed world. As a result, the behavior of these power 
electronic circuits strongly influences the overall operation of the power systems 
that they are connected to. 

The principal problem associated with power electronics is the harmonic 
components of voltage and current induced in the power system by the switching 
transients in power electronic controllers. These harmonics increase the total cur- 
rent flows in the lines (especially in the neutral of a three-phase power system). 
The extra currents cause increased losses and increased heating in power system 
components, requiring larger components to supply the same total load. In addi- 
tion, the high neutral currents can trip protective relays, shutting down portions of 
a power system. 

As an example of this problem, consider a balanced three-phase motor with 
a wye connection that draws 10 A at full load. When this motor is connected toa 
power system, the currents flowing in each phase will be equal in magnitude and 
120° out of phase with each other, and the return current in the neutral will be O 
(see Figure 3-67). Now consider the same motor supplied with the same total 
power through a rectifier-inverter that produces pulses of current. The currents in 
the power line now are shown in Figure 3-68. Note that the rms current of each 
line is still 10 A, but the neutral also has an rms current of 15 A! The current in the 
neutral consists entirely of harmonic components. 
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FIGURE 3-68 

Current flow for a balanced three- 
phase, wye-connected motor 
connected to the power line through 
a power electronic controller that 
produces current pulses: (a) phase a; 
(b) phase 8; (c) phase c; (d) neutral. 
The rms current flow in phases a, b, 
and cis 10. A, while the rms current 
flow in the neutral is 15 A. 
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The spectra of the currents in the three phases and in the neutral are shown 
in Figure 3-69. For the motor connected directly to the line, only the fundamen- 
tal frequency is present in the phases, and nothing at all is present in the neutral. 
For the motor connected through the power controller, the current in the phases in- 
cludes both the fundamental frequency and all of the odd harmonics. The current 
in the neutral consists principally of the third, ninth, and fifteenth harmonics. 

Since power electronic circuits are such a large fraction of the total load on 
a modern power system, their high harmonic content causes significant problems 
for the power system as a whole. New standards* have been created to limit the 
amount of harmonics produced by power electronic circuits, and new controllers 
are designed to minimize the harmonics that they produce. 


3.9 SUMMARY 


Power electronic components and circuits have produced a major revolution in the 
area of motor controls during the last 35 years or so. Power electronics provide a 
convenient way to convert ac power to dc power, to change the average voltage 
level of a dc power system, to convert dc power to ac power, and to change the 
frequency of an ac power system. 

The conversion of ac to de power is accomplished by rectifier circuits, and 
the resulting dc output voltage level can be controlled by changing the firing times 
of the devices (SCRs, TRIACs, GTO thyristors, etc.) in the rectifier circuit. 

Adjustment of the average dc voltage level on a load is accomplished by 
chopper circuits, which control the fraction of time for which a fixed de voltage is 
applied to a load. 

Static frequency conversion is accomplished by either rectifier-inverters or 
cycloconverters. Inverters are of two basic types: externally commutated and self- 
commutated. Externally commutated inverters rely on the attached load for com- 
mutation voltages; self-commutated inverters either use capacitors to produce the 
required commutation voltages or use self-commutating devices such as GTO 
thyristors. Self-commutated inverters include current source inverters, voltage 
source inverters, and pulse-width modulation inverters. 

Cycloconverters are used to directly convert ac power at one frequency to 
ac power at another frequency. There are two basic types of cycloconverters: non- 
circulating current and circulating current. Noncirculating current cycloconverters 
have large harmonic components and are restricted to relatively low frequencies. 
In addition, they can suffer from glitches during current direction changes. Circu- 
lating current cycloconverters have lower harmonic components and are capable 
of operating at higher frequencies. They require large series inductors to limit the 
circulating current to a safe value, and so they are bulkier than noncirculating cur- 
rent cycloconverters of the same rating. 


*See IEC 1000-3-2. EMC: Part 3, Section 2, “Limits for harmonic current emission (equipment input 
current = 16 A per phase),” and ANSI/IEEE Standard 519-1992, “IEEE recommended practices and 
requirements for harmonic control in power systems.” 
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FIGURE 3-49 

(a) The spectrum of the phase current in the balanced three-phase, 
wye-connected motor connected directly to the power line. Only the 
fundamental frequency is present. (b) The spectrum of the phase 
current in the balanced three-phase, wye-connected motor connected 
through a power electronic controller that produces current pulses. 
The fundamental frequency and all odd harmonics are present. 

(c) The neutral current for the motor connected through a electronic 
power controller. The third, ninth, and fifteenth harmonics are 

16 present in the current 
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QUESTIONS 
3-1. Explain the operation and sketch the output characteristic of a diode. 
3-2. Explain the operation and sketch the output characteristic of a PNPN diode. 
3-3, How does an SCR differ from a PNPN diode? When does an SCR conduct? 
3—4. What is a GTO thyristor? How does it differ from an ordinary three-wire thyristor 
(SCR)? 
3-5. What is an IGBT? What are its advantages compared to other power electronic 
devices? 
3-6. What isa DIAC? A TRIAC? 
3-7, Does a single-phase full-wave rectifier produce a better or worse dc output than a 
three-phase half-wave rectifier? Why? 
3-8. Why are pulse-generating circuits needed in motor controllers? 
3-9, What are the advantages of digital pulse-generating circuits compared to analog 
pulse-generating circuits? 
3-10. What is the effect of changing resistor R in Figure 3-32? Explain why this effect 
occurs. 
3I1. What is forced commutation? Why is it necessary in dc-to-de power-control 
circuits? 
3-12. What device(s) could be used to build dc-to-de power-control circuits without 
forced commutation? 
3-13. What is the purpose of a free-wheeling diode in a control circuit with an inductive 
load? 
3-14, What is the effect of an inductive load on the operation of a phase angle controller? 
3-15. Can the on time of a chopper with series-capacitor commutation be made arbitrarily 
long? Why or why not? 
3-16. Can the on time of a chopper with parallel-capacitor commutation be made arbitrar- 
ily long? Why or why not? 
3-17, What is a rectifier-inverter? What is it used for? 
3-18. What is a current-source inverter? 
3-19, What is a voltage-source inverter? Contrast the characteristics of a VSI with those 
of a CSI. 
3-20, What is pulse-width modulation? How do PWM inverters compare to CSI and VSI 
inverters? 
3-21. Are power transistors more likely to be used in PWM inverters or in CSI inverters? 
Why? 
PROBLEMS 
3-1. Calculate the ripple factor of a three-phase half-wave rectifier circuit, both analyti- 
cally and using MATLAB. 
3-2. Calculate the ripple factor of a three-phase full-wave rectifier circuit, both analyti- 
cally and using MATLAB. 
3-3. Explain the operation of the circuit shown in Figure P3—1. What would happen in 


this circuit if switch S, were closed? 
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FIGURE P3-1 
The circuit of Problems 3-3 through 3-6. 


3-4. What would the rms voltage on the load in the circuit in Figure P3—1 be if the firing 
angle of the SCR were (a) 0°, (b) 30°, (¢) 90°? 

"3-5. For the circuit in Figure P3—1, assume that Vgo for the DIAC is 30 V, C, is 1 wR, R 
is adjustable in the range 1 to 20 kQ, and switch S, is open. What is the firing angle 
of the circuit when R is 10 kQ.? What is the rms voltage on the load under these con- 
ditions? (Caution: This problem is hard to solve analytically because the voltage 
charging the capacitor varies as a function of time.) 

3-6. One problem with the circuit shown in Figure P3-1 is that it is very sensitive to vari- 
ations in the input voltage v,.(f). For example, suppose the peak value of the input 
voltage were to decrease. Then the time that it takes capacitor C, to charge up to the 
breakover voltage of the DIAC will increase, and the SCR will be triggered later in 
each half-cycle. Therefore, the rms voltage supplied to the load will be reduced both 
by the lower peak voltage and by the later firing. This same effect happens in the 
opposite direction if v,,(t) increases. How could this circuit be modified to reduce its 
sensitivity to variations in input voltage? 

3-7. Explain the operation of the circuit shown in Figure P3—2, and sketch the output 
voltage from the circuit. 

3-8, Figure P3-3 shows a relaxation oscillator with the following parameters: 


R, = variable R, = 15002 
C=1 pF Voc = 100 V 
Veo = 30V fy = 0.5 mA 


(a) Sketch the voltages v¢ (ft), vp(t), and vo(t) for this circuit. 

(b) If R, is currently set to 500 kQ, calculate the period of this relaxation oscillator. 
3-9, In the circuit in Figure P3-4, 7, is an autotransformer with the tap exactly in the 

center of its winding. Explain the operation of this circuit. Assuming that the load is 

inductive, sketch the voltage and current applied to the load. What is the purpose of 

SCR,? What is the purpose of D,? (This chopper circuit arrangement is known as a 

Jones circuit.) 


*The asterisk in front of a problem number indicates that it is a more difficult problem. 
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FIGURE P3-2 
The inverter circuit of Problem 3-7. 


R, (100 kN-1 MOQ) 
Vp(t) 


Voc = 100 V + 
Vo (1) 

FIGURE P3-3 

The relaxation oscillator circuit of Problem 3-8. 

+ 
Voc 
T, (Autotransformer) 
FIGURE P3+4 


- The chopper circuit of Problem 3-9. 
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3-10. 


3-11. 


3-12. 
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A series-capacitor forced commutation chopper circuit supplying a purely resistive 
load is shown in Figure P3-5. 


Voc = 120V R, = 20k 
Ty = 8mA Riana = 2509 
Vao = 200 V C = 150 uF 


(a) When SCR, is turned on, how long will it remain on? What causes it to turn off? 

(5) When SCR, turns off, how long will it be until the SCR can be turned on again? 
{Assume that 3 time constants must pass before the capacitor is discharged.) 

(c) What problem or problems do these calculations reveal about this simple series- 
capacitor forced-commutation chopper circuit? 

(d@) How can the problem(s) described in part c be eliminated? 


+ 


FIGURE P3-5 
The simple series-capacitor forced-commutation circuit of Problem 3-10. 


A parallel-capacitor forced-commutation chopper circuit supplying a purely resis- 
tive load is shown in Figure P3-6. 


Voc = 120V R, = 20kO 
Ty = 5mA Rica = 2502 
Vao = 250 V C= 15 pF 


(a) When SCR, is turned on, how long will it remain on? What causes it to turn off? 

(b) What is the earliest time that SCR, can be turned off after it is turned on? 
(Assume that 3 time constants must pass before the capacitor is charged.) 

(c) When SCR, turns off, how long will it be until the SCR can be turned on again? 

(ad) What problem or problems do these calculations reveal about this simple parallel- 
capacitor forced-commutation chopper circuit? 

(e) How can the problem(s) described in part d be eliminated? 

Figure P3—7 shows a single-phase rectifier-inverter circuit. Explain how this circuit 

functions. What are the purposes of C, and C,? What controls the output frequency 

of the inverter? 


INTRODUCTION TO POWER ELECTRONICS 227 


SCR, 


FIGURE P3-6 
The simple parallel-capacitor forced commutation circuit of Problem 3-11. 


SCR, 


FIGURE P3-7 
The single-phase rectifier-inverter circuit of Problem 3-12. 


*3-13. A simple full-wave ac phase angle voltage controller is shown in Figure P3-8. The 
component values in this circuit are 
R = 20 to 300 kQ, currently set to 80 kO 
C =0.15 pF 
Veo = 40 V (for PNPN diode D,) 
Vago = 250 V (for SCR) 
Vg(t) = Vy Sin wt V where Vy = 169.7 V and w = 377 rad/s 
(a) At what phase angle do the PNPN diode and the SCR turn on? 
(b) What is the rms voltage supplied to the load under these circumstances? 
*3-14. Figure P3—9 shows a three-phase full-wave rectifier circuit supplying power to a dc 
load. The circuit uses SCRs instead of diodes as the rectifying elements. 
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FIGURE P3-8 
The full-wave phase angle voltage controller of Problem 3-13. 
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FIGURE P3-9 
The three-phase full-wave rectifier circuit of Problem 3-14, 


(a) What will the rms load voltage and ripple be if each SCR is triggered as soon as 
it becomes forward-biased? At what phase angle should the SCRs be triggered 
in order to operate this way? Sketch or plot the output voltage for this case. 

(b) What will the rms load voltage and ripple be if each SCR is triggered at a phase 
angle of 90° (that is, halfway through the half-cycle in which it is forward bi- 
ased)? Sketch or plot the output voltage for this case. 

*3-15, Write a MATLAB program that imitates the operation of the pulse-width modula- 
tion circuit shown in Figure 3-55, and answer the following questions. 

(a) Assume that the comparison voltages v,{(f) and v,(t) have peak amplitudes of 
10 V anda frequency of 500 Hz. Plot the output voltage when the input voltage 
is V,,(1) = 10 sin 277 ft V, and f = 60 Hz. 

(b) What does the spectrum of the output voltage look like? What could be done to 
reduce the harmonic content of the output voltage? 

(c) Now assume that the frequency of the comparison voltages is increased to 
1000 Hz. Plot the output voltage when the input voltage is v,,(t) = 10 sin 27 ft V 
and f = 60 Hz. 

(d) What does the spectrum of the output voltage in c look like? 

(e) What is the advantage of using a higher comparison frequency and more rapid 
switching in a PWM modulator? 
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CHAPTER 


AC MACHINERY 
FUNDAMENTALS 


A machines are generators that convert mechanical energy to ac electrical 

energy and motors that convert ac electrical energy to mechanical en- 
ergy. The fundamental principles of ac machines are very simple, but unfortu- 
nately, they are somewhat obscured by the complicated construction of real ma- 
chines. This chapter will first explain the principles of ac machine operation using 
simple examples, and then consider some of the complications that occur in real 
ac machines. 

There are two major classes of ac machines—synchronous machines and in- 
duction machines. Synchronous machines are motors and generators whose mag- 
netic field current is supplied by a separate dc power source, while induction ma- 
chines are motors and generators whose field current is supplied by magnetic 
induction (transformer action) into their field windings. The field circuits of most 
synchronous and induction machines are located on their rotors. This chapter cov- 
ers some of the fundamentals common to both types of three-phase ac machines. 
Synchronous machines will be covered in detail in Chapters 5 and 6, and induc- 
tion machines will be covered in Chapter 7. 


4.1 ASIMPLE LOOP IN A UNIFORM 
MAGNETIC FIELD 


We will start our study of ac machines with a simple loop of wire rotating within 
a uniform magnetic field. A loop of wire in a uniform magnetic field is the sim- 
plest possible machine that produces a sinusoidal ac voltage. This case is not rep- 
resentative of real ac machines, since the flux in real ac machines is not constant 
in either magnitude or direction. However, the factors that control the voltage and 
torque on the loop will be the same as the factors that control the voltage and 
torque in real ac machines. 
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FIGURE 4-1 
A simple rotating loop in a uniform magnetic field. (a) Front view; (b) view of coil. 


Figure 4—1 shows a simple machine consisting of a large stationary magnet 
producing an essentially constant and uniform magnetic field and a rotating loop 
of wire within that field. The rotating part of the machine is called the rotor, and 
the stationary part of the machine is called the stator. We will now determine the 
voltages present in the rotor as it rotates within the magnetic field. 


The Voltage Induced in a Simple Rotating Loop 


If the rotor of this machine is rotated, a voltage will be induced in the wire loop. 
To determine the magnitude and shape of the voltage, examine Figure 4-2. The 
loop of wire shown is rectangular, with sides ab and cd perpendicular to the plane 
of the page and with sides bc and da parallel to the plane of the page. The mag- 
netic field is constant and uniform, pointing from left to right across the page. 

To determine the total voltage e,,, on the loop, we will examine each seg- 
ment of the loop separately and sum all the resulting voltages. The voltage on 
each segment is given by Equation (1-45): 


€ing = (V x Bol (145) 


1. Segment ab. In this segment, the velocity of the wire is tangential to the path 
of rotation, while the magnetic field B points to the right, as shown in Figure 
4—2b. The quantity v x B points into the page, which is the same direction as 
segment ab. Therefore, the induced voltage on this segment of the wire is 


Cng = (V x BY] 


vBi sin 6,, into the page (4-1) 


2. Segment bc. In the first half of this segment, the quantity v x B points into the 
page, and in the second half of this segment, the quantity v x B points out of 
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FIGURE 4-2 


(a) Velocities and orientations of the sides of the loop with respect to the magnetic field. (b) The 
direction of motion with respect to the magnetic field for side ab. (c) The direction of motion with 
respect to the magnetic field for side cd. 


the page. Since the length | is in the plane of the page, v x B is perpendicular 
to | for both portions of the segment. Therefore the voltage in segment bc will 
be zero: 


€4 =O (4-2) 
3. Segment cd. In this segment, the velocity of the wire is tangential to the path 
of rotation, while the magnetic field B points to the right, as shown in Figure 


4—2c, The quantity v x B points into the page, which is the same direction as 
segment cd. Therefore, the induced voltage on this segment of the wire is 


€ic = (V x BY el 
= vBi sin 6, out of the page (4-3) 


4. Segment da. Just as in segment bc, v x B is perpendicular to 1. Therefore the 
voltage in this segment will be zero too: 


Cg = 0 (4-4) 


The total induced voltage on the loop éjng is the sum of the voltages on each of its 
sides: 


Cina = Cha + Cop + Cae + Cad 


vBI sin 6,, + vBl sin 6.4 (4-5) 


Note that @,, = 180° — 6,4, and recall the trigonometric identity sin @ = sin 
(180° — @). Therefore, the induced voltage becomes 


€ing = 2VBL sin 0 (4-6) 


The resulting voltage e;,4 is shown as a function of time in Figure 4-3. 

There is an alternative way to express Equation (4-6), which clearly relates 
the behavior of the single loop to the behavior of larger, real ac machines. To de- 
rive this alternative expression, examine Figure 4—2 again. If the loop is rotating 
at a constant angular velocity w, then angle @ of the loop will increase linearly 
with time. In other words, 
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Cing V 


0, radians 


FIGURE 4-3 
Plot of ¢,,4 versus 6. 


é= wt 


Also, the tangential velocity v of the edges of the loop can be expressed as 
v=ro (4-7) 


where ris the radius from axis of rotation out to the edge of the loop and w is the an- 
gular velocity of the loop. Substituting these expressions into Equation (4-6) gives 


€ing = 27 Bl sin wt (4-8) 


Notice also from Figure 4—-1b that the area A of the loop is just equal to 2r/. 
Therefore, 


€ing — ABw sin wt (4-9) 


Finally, note that the maximum flux through the loop occurs when the loop is per- 
pendicular to the magnetic flux density lines. This flux is just the product of the 
loop’s surface area and the flux density through the loop. 


Pmax = AB (4-10) 
Therefore, the final form of the voltage equation is 


ing = Pmax® SiN wt (4-11) 


Thus, the voltage generated in the loop is a sinusoid whose magnitude is 
equal to the product of the flux inside the machine and the speed of rotation of the 
machine. This is also true of real ac machines. In general, the voltage in any real 
machine will depend on three factors: 


1. The flux in the machine 
2. The speed of rotation 


3. Aconstant representing the construction of the machine (the number of loops, 
etc.) 
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B is a uniform magnetic field, aligned as shown. The x in 
a wire indicates current flowing into the page, and the e in 
a wire indicates current flowing out of the page. 


(a) (b) 


FIGURE 444 
A current-carrying loop in a uniform magnetic field. (a) Front view; (b) view of coil. 


J into page 
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F Pap r r,F into page B 
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FIGURE 4-5 


(a) Derivation of force and torque on segment ab. (b) Derivation of force and torque on segment bc. 
(c) Derivation of force and torque on segment cd. (d) Derivation of force and torque on segment da. 


The Torque Induced in a Current-Carrying Loop 


Now assume that the rotor loop is at some arbitrary angle @ with respect to the 
magnetic field, and that a current / is flowing in the loop, as shown in Figure 44. 
If a current flows in the loop, then a torque will be induced on the wire loop. To 
determine the magnitude and direction of the torque, examine Figure 4-5. The 
force on each segment of the loop will be given by Equation (1-43), 


F = i(l x B) (1-43) 


AC MACHINERY FUNDAMENTALS 235 


where  # = magnitude of current in the segment 


| = length of the segment, with direction of | defined to be in the 
direction of current flow 


B = magnetic flux density vector 


The torque on that segment will then be given by 


7 = (force applied) perpendicular distance) 
= (F)(rsin @) 
= rF sin 8 (1-6) 
where @ is the angle between the vector r and the vector F. The direction of the 


torque is clockwise if it would tend to cause a clockwise rotation and counter- 
clockwise if it would tend to cause a counterclockwise rotation. 


1. Segment ab. In this segment, the direction of the current is into the page, while 
the magnetic field B points to the right, as shown in Figure 45a. The quantity 
| x B points down. Therefore, the induced force on this segment of the wire is 


F = il x B) 
= lB down 
The resulting torque is 


Tap = (F) (rsin O45) 
rilB sin @,, clockwise (4-12) 


2. Segment bc. In this segment, the direction of the current is in the plane of the 
page, while the magnetic field B points to the right, as shown in Figure 4—5b. 
The quantity | x B points into the page. Therefore, the induced force on this 
segment of the wire is 


F = il x B) 
= iB into the page 
For this segment, the resulting torque is 0, since vectors r and | are parallel 
(both point into the page), and the angle @,, is 0. 
Tre = (F) (r sin 8,5) 
= (0 (4-13) 
3. Segment cd. In this segment, the direction of the current is out of the page, 
while the magnetic field B points to the right, as shown in Figure 4—-5c. The 
quantity | x B points up. Therefore, the induced force on this segment of the 
wire is 
F = «Il x B) 
= UB up 
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The resulting torque is 


Tea = (F)(r sin 6,4) 
= rilBsin@., clockwise (4-14) 


4. Segment da. In this segment, the direction of the current is in the plane of the 
page, while the magnetic field B points to the right, as shown in Figure 4—-5d. 
The quantity | x B points out of the page. Therefore, the induced force on 
this segment of the wire is 


F = i(1 x B) 
= ilB out of the page 


For this segment, the resulting torque is 0, since vectors r and I are parallel 
(both point out of the page), and the angle @,, is 0. 


Taq = (F) (r sin 6,,) 
=0 (4-15) 


The total induced torque on the loop 7g is the sum of the torques on each of 
its sides: 


Tind = Tab + Tre + Tea + Tada 
= rilB sin 6, + rilB sin 0.4 (4-16) 


Note that 6,, = @,2, so the induced torque becomes 
Ting = 2HHIB sin 8 (4-17) 


The resulting torque 7,,g 1s shown as a function of angle in Figure 4-6. Note that 
the torque is maximum when the plane of the loop is parallel to the magnetic field, 
and the torque is zero when the plane of the loop is perpendicular to the mag- 
netic field. 

There is an alternative way to express Equation (4-17), which clearly re- 
lates the behavior of the single loop to the behavior of larger, real ac machines. To 
derive this alternative expression, examine Figure 4—7. If the current in the loop is 
as shown in the figure, that current will generate a magnetic flux density B,,,, with 
the direction shown. The magnitude of B,,0, will be 


Big =e 


where G is a factor that depends on the geometry of the loop.* Also, note that the 
area of the loop A is just equal to 27/. Substituting these two equations into Equa- 
tion (4-17) yields the result 


AG 


Ting = “pp Ploop Bs sin 8 (4-18) 


*If the loop were a circle, then G = 2r, where r is the radius of the circle, so B,,,. = wi/2r. For a rec- 
tangular loop, the value of G will vary depending on the exact length-to-width ratio of the loop. 
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FIGURE 4-6 
Plot of Tg versus 0. 


Broop Bioop 

i] FIGURE 4-7 

Derivation of the induced torque equation. 
(a) The current in the loop produces a 
magnetic flux density B,,,, perpendicular to 
the plane of the loop; (b) geometric 

(a) (b) relationship between B,,,, and Bs. 


= KBiyoyBs sin (4-19) 


where k = AG/u is a factor depending on the construction of the machine, Bs is 
used for the stator magnetic field to distinguish it from the magnetic field gener- 
ated by the rotor, and @ is the angle between B,,,, and Bs. The angle between B,,., 
and B,; can be seen by trigonometric identities to be the same as the angle @ in 
Equation (4-17). 

Both the magnitude and the direction of the induced torque can be deter- 
mined by expressing Equation (4-19) as a cross product: 


Ting = KBioop x B; (4-20) 


Applying this equation to the loop in Figure 4—7 produces a torque vector into the 
page, indicating that the torque is clockwise, with the magnitude given by Equa- 
tion (4-19). 

Thus, the torque induced in the loop ts proportional to the strength of the 
loop’s magnetic field, the strength of the external magnetic fteid, and the sine of 
the angle between them. This is also true of real ac machines. In general, the 
torque in any real machine will depend on four factors: 
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1. The strength of the rotor magnetic field 

2. The strength of the external magnetic field 

3. The sine of the angle between them 

4. Aconstant representing the construction of the machine (geometry, etc.) 


4.2 THE ROTATING MAGNETIC FIELD 


In Section 4.1, we showed that if two magnetic fields are present in a machine, 
then a torque will be created which will tend to line up the two magnetic fields. If 
one magnetic field is produced by the stator of an ac machine and the other one is 
produced by the rotor of the machine, then a torque will be induced in the rotor 
which will cause the rotor to turn and align itself with the stator magnetic field. 

If there were some way to make the stator magnetic field rotate, then the in- 
duced torque in the rotor would cause it to constantly “chase” the stator magnetic 
field around in a circle. This, in a nutshell, is the basic principle of all ac motor 
operation. 

How can the stator magnetic field be made to rotate? The fundamental prin- 
ciple of ac machine operation is that if a three-phase set of currents, each of equal 
magnitude and differing in phase by 120°, flows in a three-phase winding, then it 
will produce a rotating magnetic field of constant magnitude. The three-phase 
winding consists of three separate windings spaced 120 electrical degrees apart 
around the surface of the machine. 

The rotating magnetic field concept is illustrated in the simplest case by an 
empty stator containing just three coils, each 120° apart (see Figure 4-8a). Since 
such a winding produces only one north and one south magnetic pole, it is a two- 
pole winding. 

To understand the concept of the rotating magnetic field, we will apply a set 
of currents to the stator of Figure 4-8 and see what happens at specific instants of 
time. Assume that the currents in the three coils are given by the equations 


La) = G, sin wt A (4-2 1a) 
ing (ft) = Ty sin (wt — 120°) A (4-2 1b) 
ing (t) = Ty sin (wt — 240°) A (4-2 1c) 


The current in coil aa’ flows into the a end of the coil and out the a’ end of 
the coil. It produces the magnetic field intensity 


Ha (}) = Ay sin wt Z 0° Ae turns /m (4-224) 


where 0° is the spatial angle of the magnetic field intensity vector, as shown in 
Figure 4—8b. The direction of the magnetic field intensity vector H,,.() is given 
by the right-hand rule: If the fingers of the right hand curl in the direction of the 
current flow in the coil, then the resulting magnetic field is in the direction that the 
thumb points. Notice that the magnitude of the magnetic field intensity vector 
H,,(¢) varies sinusoidally in time, but the direction of H,,() is always constant. 
Similarly, the magnetic field intensity vectors H,,(¢) and H,(#) are 
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FIGURE 4-8 

(a) A simple three-phase stator. Currents in this stator are assumed positive if they flow into the 
unprimed end and out the primed end of the coils. The magnetizing intensities produced by each coil 
are also shown. (b) The magnetizing intensity vector H,,. (f) produced by a current flowing in coil aa’. 


H,(f) = Ay sin (wt — 120°) 2 120° A «tums /m (4-22b) 


H,..(t) = Hy sin (wt — 240°) 2240° Ae turns /m (4-22c) 


The flux densities resulting from these magnetic field intensities are given 
by Equation (1-21): 


B = pH (1-21) 
They are 
B.. (f) = By sin wt Z 0° T (4-23a) 
B,y (tf) = By sin (wt — 120°) Z 120° T (4-23b) 
B... (f) = By sin (wt — 240°) Z 240° T (4-23¢) 


where By = UHy. The currents and their corresponding flux densities can be ex- 
amined at specific times to determine the resulting net magnetic field in the stator. 
For example, at time wt = 0°, the magnetic field from coil aa’ will be 


B,a’ = 0 (4-24a) 
The magnetic field from coil bb’ will be 
B,, = By sin (-120°) Z 120° (4-24b) 
and the magnetic field from coil cc’ will be 


B... = By sin (-240°) Z 240° (4-24c) 
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FIGURE 4-9 

(a) The vector magnetic field in a stator at time wi = 0°. (b) The vector magnetic field in a stator at 
time ext = 90°. 

The total magnetic field from all three coils added together will be 


Bae = Baa + Bay + B..: 


=0+ (3z,,) 2120 + (“33,,) 2£240° 
= 1.5By Z—-90° 


The resulting net magnetic field is shown in Figure 4—9a. 
As another example, look at the magnetic field at time wt = 90°. At that 
time, the currents are 
haa’ = Ly sin 90° A 
tng’ = ly sin (—30°) A 
i = Ty sin (—150°) A 
and the magnetic fields are 
Boy = By 20° 
By = -0.5 By Z 120° 
B... = —0.5 By Z 240° 
The resulting net magnetic field is 
Bre = Ba. - By: sg B..: 
= By 20° + (-0.5By) Z 120° + (-O.5By) Z 240° 
= 1.5 By 20° 
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The resulting magnetic field is shown in Figure 4—9b. Notice that although the di- 
rection of the magnetic field has changed, the magnitude is constant. The mag- 
netic field is maintaining a constant magnitude while rotating in a counterclock- 
wise direction. 


Proof of the Rotating Magnetic Field Concept 


At any time ¢, the magnetic field will have the same magnitude 1.5Byy, and it will 
continue to rotate at angular velocity w. A proof of this statement for all time f is 
now given. 

Refer again to the stator shown in Figure 4-8. In the coordinate system 
shown in the figure, the x direction is to the right and the y direction is upward. 
The vector & is the unit vector in the horizontal direction, and the vector § is the 
unit vector in the vertical direction. To find the total magnetic flux density in the 
stator, simply add vectorially the three component magnetic fields and determine 
their sum. 

The net magnetic flux density in the stator is given by 


Baal?) = Baa (t) a Bi, (D) + B... (f) 
= By, sinwt Z0° + By sin (wt — 120°) 2 120° + By sin (wt — 240°) Z 240°T 


Each of the three component magnetic fields can now be broken down into its x 
and y components. 


Brett) = By Sin wt & 


— [O.5By sin (wf — 120°)]K + 3 By sin (wt — 120°)|9 
— [O.5By sin (@t — 240°)]& — vs By sin (at — 240°) y 


Combining x and y components yields 


Boat) = [By sin wt — 0.5B,, sin (wt — 120°) — O.5B,, sin (wt — 240°)]& 


+ 3 ey sin (wf — 120°) — M3 By sin (wt — 240°)]y 


By the angle-addition trigonometric identities, 


Bret) = By sin wt + 1By sin wt + Y3B,, cos wt + 4Bu sin wt — V3p,, COS wk 


+ |-3p, sin wt — By cos wt + BB, sin wt — 2By COS wt 


4 y 


Bye(f) = (1-5By Sin wt) — (1.5By, cos of )¥ (4-25) 


Equation (4-25) is the final expression for the net magnetic flux density. Notice 
that the magnitude of the field is a constant 1.5B,, and that the angle changes con- 
tinually in a counterclockwise direction at angular velocity w. Notice also that at 
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FIGURE 4-10 
The rotating magnetic field in a stator 
represented as moving north and south stator 


poles. 


of = 0°, B,. = 1.5By Z —90° and that at wt = 90°, B,., = 1.5By Z 0°. These re- 
sults agree with the specific examples examined previously. 


The Relationship between Electrical Frequency 
and the Speed of Magnetic Field Rotation 


Figure 4-10 shows that the rotating magnetic field in this stator can be represented 
as a north pole (where the flux leaves the stator) and a south pole (where the flux 
enters the stator). These magnetic poles complete one mechanical rotation around 
the stator surface for each electrical cycle of the applied current. Therefore, the 
mechanical speed of rotation of the magnetic field in revolutions per second is 
equal to the electric frequency in hertz: 


to =F on two poles (4-26) 

@, =, two poles (4-27) 
Here f, and w,,are the mechanical speed in revolutions per second and radians per 
second, while f, and w, are the electrical speed in hertz and radians per second. 


Notice that the windings on the two-pole stator in Figure 4-10 occur in the 
order (taken counterclockwise) 


a-c’-b-a’-c-b’ 


What would happen in a stator if this pattern were repeated twice within it? Fig- 
ure 4—1la shows such a stator. There, the pattern of windings (taken counter- 
clock wise) is 


a-c’-b-a’-c-b’-a-c'-b-a’-c-b’ 


which is just the pattern of the previous stator repeated twice. When a three-phase 
set of currents is applied to this stator, two north poles and two south poles are pro- 
duced in the stator winding, as shown in Figure 4-11b. In this winding, a pole 
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(a) A simple four-pole stator winding. (b) The resulting stator magnetic poles. Notice that there are 
moving poles of alternating polarity every 90° around the stator surface. (c) A winding diagram of 
the stator as seen from its inner surface, showing how the stator currents produce north and south 
magnetic poles. 


moves only halfway around the stator surface in one electrical cycle. Since one 
electrical cycle is 360 electrical degrees, and since the mechanical motion is 180 
mechanical degrees, the relationship between the electrical angle 0, and the me- 
chanical angle @,, in this stator is 


0. = 20, (4-28) 


Thus for the four-pole winding, the electrical frequency of the current is twice the 
mechanical frequency of rotation: 
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f.=2f, four poles (4-29) 
@, = 20, four poles (4-30) 
In general, if the number of magnetic poles on an ac machine stator is P, then 


there are P/2 repetitions of the winding sequence a-c’-b-a’-c-b’ around its inner 
surface, and the electrical and mechanical quantities on the stator are related by 


0, = 56, (4-31) 
P 

39 

We = 5 Wy (4-33) 


Also, noting that f,, = 1,,/60, it is possible to relate the electrical frequency in 
hertz to the resulting mechanical speed of the magnetic fields in revolutions per 
minute. This relationship is 


te aan (4-34) 


Reversing the Direction of Magnetic 
Field Rotation 


Another interesting fact can be observed about the resulting magnetic field. [f the 
current in any two of the three coils is swapped, the direction of the magnetic 
field's rotation will be reversed. This means that it is possible to reverse the direc- 
tion of rotation of an ac motor just by switching the connections on any two of the 
three coils. This result is verified below. 

To prove that the direction of rotation is reversed, phases bb’ and cc’ in Fig- 
ure 4-8 are switched and the resulting flux density B,., is calculated. 

The net magnetic flux density in the stator is given by 


B.(f) = Baa (t) + B,, (+ BLO 
= By sin wt 20° + By sin (wt — 240°) Z 120° + By sin (wt — 120°) 2 240° T 


Each of the three component magnetic fields can now be broken down into its x 
and y components: 


Belt) = By Sin cot & 


— [0.5By sin (wt — 240°)]& + ay sin (wf — 240°)|9 
— [0.5By sin (wt — 120°)]& — Mey sin (wf — 1209 


Combining x and y components yields 
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Bilt) = [By sin wf — O.5By sin (wt — 240°) — 0.5By sin(wt — 120°]X 


+ WS By sin (wot — 240°) — 3 By sin (wt — 1209 
By the angle-addition trigonometric identities, 
Bett) = By sin wt + 1By sin wt — YB By cos ot + 1By sin wt + Bay COS wt} 
+ |-“3n, sin wt + 2By COS wt + 3B, sin wt + 4By cos wt|f 


Bye(t) = (1.5By Sin wf) + (1.5By cos at)¥ (4-35) 


This time the magnetic field has the same magnitude but rotates in a clock- 
wise direction. Therefore, switching the currents in two stator phases reverses the 
direction of magnetic field rotation in an ac machine. 


Example 4-1. Create a MATLAB program that models the behavior of a rotating 
magnetic field in the three-phase stator shown in Figure 4-9. 


Solution 
The geometry of the loops in this stator is fixed as shown in Figure 4-9. The currents in the 
loops are 


bag (ft) = Ly sin wt A (4—21a) 
bing (ft) = Tyg Sin (wt — 120°) A (4-21b) 
i.(f) = fy sin (eat — 240°) A (4-2 1c) 


and the resulting magnetic flux densities are 


Bay(t) = Bysinet 20° iT (4-23a) 

Bop (t) = By sin (wt — 120°).2120° iT (4-23) 

Bec-(t) = By sin (wt — 240°) 240° iT (4-23) 
= 2r1B = dlB 


A simple MATLAB program that plots B,.,. B,,, B.-, and B,,, as a function of time is 
shown below: 


% M-file: mag_field.m 
% M-file to calculate the net magnetic field produced 
% by a three-phase stator. 


% Set up the basic conditions 


bmax = 1; % Normalize bmax to 1 
freq = 60; % 60 Hz 
w = 2*pi* freq; % angular velocity (rad/s) 


% First, generate the three component magnetic fields 
t = 0:1/6000:1/60; 
Baa = sin(w*t) .* (cos(0) + j*sin(0)); 
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Bbb 
Bcc 


sin(w*t-2*pi/3) .* (cos(2*pi/3) + j*sin(2*pi/3)); 
Ssin(w*t+2*pi/3) .* (cos(-2*pi/3) + j*sin(-2*pi/3)); 


%* Calculate Bnet 
Bnet = Baa + Bbb + Bec; 


% Calculate a circle representing the expected maximum 
% value of Bnet 
circle = 1.5 * (cos(w*t) + j*sin(w*t)); 


% Plot the magnitude and direction of the resulting magnetic 
% fields. Note that Baa is black, Bbb is blue, Bcc is 

% magenta, and Bnet is red. 

for ii = 1l:length(t) 


% Plot the reference circle 
plot (circle,'k'); 
hold on; 


% Plot the four magnetic fields 

plot ([O0 real (Baa(ii))], [0 imag(Baa(ii))],'k', ‘LinewWidth',2); 
plot ((0 real (Bbb(ii))], (0 imag(Bbb(ii))],'b', ‘LinewWidth',2); 
plot ([0 real (Bec(ii))], (0 imag(Bee(ii))],'m', 'LineWidth',2); 
plot ((0 real (Bnet (ii))], [0 imag(Bnet(ii))],'r', 'LineWidth',3); 
axis square; 

axis([-2 2 -2 2]); 

drawnow ; 

hold off; 


end 


When this program is executed, it draws lines corresponding to the three component mag- 
netic fields as well as a line corresponding to the net magnetic field. Execute this program 
and observe the behavior of B,.- 


4.33 MAGNETOMOTIVE FORCE AND FLUX 
DISTRIBUTION ON AC MACHINES 


In Section 4.2, the flux produced inside an ac machine was treated as if it were in 
free space. The direction of the flux density produced by a coil of wire was as- 
sumed to be perpendicular to the plane of the coil, with the direction of the flux 
given by the right-hand rule. 

The flux in a real machine does not behave in the simple manner assumed 
above, since there is a ferromagnetic rotor in the center of the machine, with a 
small air gap between the rotor and the stator. The rotor can be cylindrical, like the 
one shown in Figure 4—12a, or it can have pole faces projecting out from its 
surface, as shown in Figure 4—12b. If the rotor is cylindrical, the machine is said 
to have nonsalient poles, it the rotor has pole faces projecting out from it, the 
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(a) 


FIGURE 4-12 
(a) An ac machine with a cylindrical or nonsalient-pole rotor. (b) An ac machine with a salient-pole 
rotor. 


machine is said to have salient poles. Cylindrical rotor or nonsalient-pole ma- 
chines are easier to understand and analyze than salient-pole machines, and this 
discussion will be restricted to machines with cylindrical rotors. Machines with 
salient poles are discussed briefly in Appendix C and more extensively in Refer- 
ences | and 2. 

Refer to the cylindrical-rotor machine in Figure 4—12a. The reluctance of 
the air gap in this machine is much higher than the reluctances of either the rotor 
or the stator, so the flux density vector B takes the shortest possible path across 
the air gap and jumps perpendicularly between the rotor and the stator. 

To produce a sinusoidal voltage in a machine like this, the magnitude of the 
flax density vector B must vary in a sinusoidal manner along the surface of the air 
gap. The flux density will vary sinusoidally only if the magnetizing intensity H 
(and magnetomotive force &) varies in a sinusoidal manner along the surface of 
the air gap (see Figure 4-13). 

The most straightforward way to achieve a sinusoidal variation of magneto- 
motive force along the surface of the air gap is to distribute the turns of the wind- 
ing that produces the magnetomotive force in closely spaced slots around the 
surface of the machine and to vary the number of conductors in each slot in a 
sinusoidal manner. Figure 4—14a shows such a winding, and Figure 4—14b shows 
the magnetomotive force resulting from the winding. The number of conductors 
in each slot is given by the equation 


Nc =Necosa (4-36) 


where N- is the number of conductors at an angle of 0°. As Figure 4-14b shows, 
this distribution of conductors produces a close approximation to a sinusoidal dis- 
tribution of magnetomotive force. Furthermore, the more slots there are around 
the surface of the machine and the more closely spaced the slots are, the better this 
approximation becomes. 
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FIGURE 4-13 

(a) A cylindrical rotor with sinusoidally varying air-gap flux density. (b) The magnetomotive force or 
magnetizing intensity as a function of angle & in the air gap. (c) The flux density as a function of 
angle @ in the air gap. 
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(a) 


120 180\ 


(b) 


FIGURE 4-14 

(a) An ac machine with a distributed stator winding designed to produce a sinusoidally varying air- 
gap flux density. The number of conductors in each slot is indicated on the diagram. (b) The 
magnetomotive force distribution resulting from the winding. compared to an ideal distribution. 


In practice, it is not possible to distribute windings exactly in accordance 
with Equation (4-36), since there are only a finite number of slots in a real ma- 
chine and since only integral numbers of conductors can be included in each slot. 
The resulting magnetomotive force distribution is only approximately sinusoidal, 
and higher-order harmonic components will be present. Fractional-pitch windings 
are used to suppress these unwanted harmonic components, as explained in Ap- 
pendix B.1. 
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Furthermore, it is often convenient for the machine designer to include 
equal numbers of conductors in each slot instead of varying the number in accor- 
dance with Equation (4-36). Windings of this type are described in Appendix B.2; 
they have stronger high-order harmonic components than windings designed in 
accordance with Equation (4-36). The harmonic-suppression techniques of Ap- 
pendix B.1 are especially important for such windings. 


4.4 INDUCED VOLTAGE IN AC MACHINES 


Just as a three-phase set of currents in a stator can produce a rotating magnetic 
field, a rotating magnetic field can produce a three-phase set of voltages in the 
coils of a stator. The equations governing the induced voltage in a three-phase sta- 
tor will be developed in this section. To make the development easier, we will be- 
gin by looking at just one single-turn coil and then expand the results to a more 
general three-phase stator. 


The Induced Voltage in a Coil 
on a Two-Pole Stator 


Figure 4-15 shows a rotating rotor with a sinusoidally distributed magnetic field in 
the center of a stationary coil. Notice that this is the reverse of the situation studied 
in Section 4.1, which involved a stationary magnetic field and a rotating loop. 

We will assume that the magnitude of the flux density vector B in the air 
gap between the rotor and the stator varies sinusoidally with mechanical angle, 
while the direction of B is always radially outward. This sort of flux distribution 
is the ideal to which machine designers aspire. (What happens when they don’t 
achieve it is described in Appendix B.2.) If a is the angle measured from the 
direction of the peak rotor flux density, then the magnitude of the flux density 
vector B at a point around the rotor is given by 


B= By, cosa (4—37a) 


Note that at some locations around the air gap, the flux density vector will really 
point in toward the rotor: in those locations, the sign of Equation (4—37a) is nega- 
tive. Since the rotor is itself rotating within the stator at an angular velocity w,,, the 
magnitude of the flux density vector B at any angle @ around the stator is given by 


B = By cos(wt — a) (4-37b) 


The equation for the induced voltage in a wire is 
e=(v¥xB)el (1-45) 
where v = velocity of the wire relative to the magnetic field 


B = magnetic flux density vector 
| = length of conductor in the magnetic field 
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Voltage is really into the page, 
since B is negative here. 


(b) 


FIGURE 4-15 

(a) A rotating rotor magnetic field inside a stationary stator coil. Detail of coil. (b) The vector 
magnetic flux densities and velocities on the sides of the coil. The velocities shown are from a frame 
of reference in which the magnetic field is stationary. (c) The flux density distribution in the air gap. 
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However, this equation was derived for the case of a moving wire in a Stationary 
magnetic field. In this case, the wire is stationary and the magnetic field is mov- 
ing, so the equation does not directly apply. To use it, we must be in a frame of 
reference where the magnetic field appears to be stationary. If we “sit on the mag- 
netic field” so that the field appears to be stationary, the sides of the coil will ap- 
pear to go by at an apparent velocity v,.,, and the equation can be applied. Figure 
4—15b shows the vector magnetic field and velocities from the point of view of a 
stationary magnetic field and a moving wire. 

The total voltage induced in the coil will be the sum of the voltages induced 
in each of its four sides. These voltages are determined below: 


1. Segment ab. For segment ab, a = 180°. Assuming that B is directed radially 
outward from the rotor, the angle between v and B in segment ab is 90°, 
while the quantity v x B is in the direction of l, so 

lng = (Vx BY l 
= vBl directed out of the page 
= -v[B,, cos (@,,f — 180°)]/ 
= —vB,! cos (w,,f — 180°) (4-38) 
where the minus sign comes from the fact that the voltage is built up witha 
polarity opposite to the assumed polarity. 

2. Segment bc. The voltage on segment bc is zero, since the vector quantity 

v x B is perpendicular to |, so 
€é» =(v x B)el=0 (4-39) 


3. Segment cd. For segment cd, the angle a = O°. Assuming that B is directed 
radially outward from the rotor, the angle between v and B in segment cd is 
90°, while the quantity v x B is in the direction of I, so 

ez. = (Vx Bel 
= vBl directed out of the page 
= v(By, cos w,,f)l 
= vByl COS @,,f (4-40) 


= 


Segment da. The voltage on segment da is zero, since the vector quantity 
v x B is perpendicular to l, so 


Cay = (Vx B) el =0 (4-41) 


Therefore, the total voltage on the coil will be 
€ing = ba + Cac 
= -VByl cos(@,,f — 180°) + vByl cos w,f (4-42) 


Since cos @ = — cos (8 — 180°), 
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fing = VByl COS w,,f + VByl COS w,,t 
= 2vBy! COS W,,f (4-43) 


Since the velocity of the end conductors is given by v = ra,,, Equation 
(4—43) can be rewritten as 


Cind = 2(FW,)Buyl COS Wnt 
= 271ByW,, COS Wt 


Finally, the flux passing through the coil can be expressed as @ = 27/B,, (see 
Problem 4-7), while w,, = w, = w for a two-pole stator, so the induced voltage 
can be expressed as 


ind — dw COS wt (4-44) 


Equation (444) describes the voltage induced in a single-turn coil. If the coil 
in the stator has N- turns of wire, then the total induced voltage of the coil will be 


as 


Notice that the voltage produced in stator of this simple ac machine wind- 
ing is sinusoidal with an amplitude which depends on the flux ¢ in the machine, 
the angular velocity » of the rotor, and a constant depending on the construction 
of the machine (N¢- in this simple case). This is the same as the result that we ob- 
tained for the simple rotating loop in Section 4.1. 

Note that Equation (4-45) contains the term cos wf instead of the sin wt 
found in some of the other equations in this chapter. The cosine term has no spe- 
cial significance compared to the sine—it resulted from our choice of reference 
direction for a in this derivation. If the reference direction for a had been rotated 
by 90° we would have had a sin wf term. 


The Induced Voltage in a Three-Phase Set of Coils 


If three coils, each of Ne turns, are placed around the rotor magnetic field as 
shown in Figure 4-16, then the voltages induced in each of them will be the same 
in magnitude but will differ in phase by 120°. The resulting voltages in each of the 
three coils are 


€,g(t) = Ne dw sin wt V (4-46a) 
ep (t) = No dw sin (wi — 120°) V (4—46b) 
é..(t) = Ne dw sin (wt — 240°) Vv (4-46c) 


Therefore, a three-phase set of currents can generate a uniform rotating 
magnetic field in a machine stator, and a uniform rotating magnetic field can gen- 
erate a three-phase set of voltages in such a stator. 
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FIGURE 4-16 
The production of three-phase voltages from 
three coils spaced 120° apart. 


The RMS Voltage in a Three-Phase Stator 
The peak voltage in any phase of a three-phase stator of this sort is 
Enax = Ne bw (4-47) 
Since w = 2af, this equation can also be written as 
Ex = 27Nc OF (4-48) 


Therefore, the rms voltage of any phase of this three-phase stator is 
27 
Ex = ya Neof (4-49) 


450 


The rms voltage at the terminals of the machine will depend on whether the stator 
is Y- or A-connected. If the machine is Y-connected, then the terminal voltage will 
be V3 times E,,; if the machine is A-connected, then the terminal voltage will just 
be equal to Ey. 


Example 4-2. The following information is known about the simple two-pole 
generator in Figure 4-16. The peak flux density of the rotor magnetic field is 0.2 T, and the 
mechanical rate of rotation of the shaft is 3600 r/min. The stator diameter of the machine is 
0.5 m, its coil length is 0.3 m, and there are 15 turns per coil. The machine is Y-connected. 


(a) What are the three phase voltages of the generator as a function of time? 
(b) What is the rms phase voltage of this generator? 
(c) What is the rms terminal voltage of this generator? 


Solution 
The flux in this machine is given by 


= 2r1B = lB 
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where d is the diameter and / is the length of the coil. Therefore, the flux in the machine is 
given by 


& = (0.5 m\(0.3 m)(0.2 T) = 0.03 Wb 

The speed of the rotor is given by 
@ = (3600 r/min)(277 rad)(1 min/60 s) = 377 rad/s 
(a) The magnitudes of the peak phase voltages are thus 
Emax = Ncebw 
= (15 turns\(0.03 Wb)(377 rad/s) = 169.7 V 
and the three phase voltages are 

€gy(t) = 169.7 sin 377t V 

&,y(t) = 169.7 sin (377t — 120°) Vv 

€,-(t) = 169.7 sin (3771 — 240°) Vv 


(b) The rms phase voltage of this generator is 


(c) Since the generator is Y-connected, 
V7 = V3E, = V3(120 V) = 208 V 


4.5 > INDUCED TORQUE IN AN AC MACHINE 


In ac machines under normal operating conditions, there are two magnetic fields 
present—a magnetic field from the rotor circuit and another magnetic field from 
the stator circuit. The interaction of these two magnetic fields produces the torque 
in the machine, just as two permanent magnets near each other will experience a 
torque which causes them to line up. 

Figure 4—17 shows a simplified ac machine with a sinusoidal stator flux dis- 
tribution that peaks in the upward direction and a single coil of wire mounted on 
the rotor. The stator flux distribution in this machine is 


Bia) = By; sin a@ (4-51) 


where Bs is the magnitude of the peak flux density; Bs(a) is positive when the flux 

density vector points radially outward from the rotor surtace to the stator surface. 

How much torque is produced in the rotor of this simplified ac machine? To find 

oul, we will analyze the force and torque on each of the two conductors separately. 
The induced force on conductor | is 


F = il x B) (1-43) 
= UB, sina with direction as shown 
The torque on the conductor is 
Ting, = ( x F) 
= rilBs, sin @ counterclockwise 
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IBs@)l = Bs sina 


FIGURE 4-17 
A simplified ac machine with a sinusoidal stator flux distribution and a single coil of wire mounted 
in the rotor. 


The induced force on conductor 2 is 
F = 1 x B) (1-43) 
= UB, sina with direction as shown 
The torque on the conductor is 


Tina. = (F x F) 


rilBs; sina counterclockwise 


Therefore, the torque on the rotor loop is 
Ting = 27UIB, sina counterclockwise (4-52) 


Equation (4-52) can be expressed in a more convenient form by examining 
Figure 4-18 and noting two facts: 


1. The current ¢ flowing in the rotor coil produces a magnetic field of its own. 
The direction of the peak of this magnetic field is given by the right-hand 
rule, and the magnitude of its magnetizing intensity Hz is directly propor- 
tional to the current flowing in the rotor: 
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FIGURE 4-18 
The components magnetic flux density inside the machine of Figure 4-17. 


Hp = Ci (4-53) 


where C is a constant of proportionality. 


2. The angle between the peak of the stator flux density B, and the peak of the 
rotor magnetizing intensity Hg is y. Furthermore, 


y= 180°-a (4-54) 
sin y = sin (180° - a) = sina (4-55) 


By combining these two observations, the torque on the loop can be expressed as 
Ting = KHpB, sin a counterclockwise (4-56) 


where K is a constant dependent on the construction of the machine. Note that both 
the magnitude and the direction of the torque can be expressed by the equation 


57) 


Finally, since Bp = wp, this equation can be reexpressed as 


c) 


where k = K/u. Note that in general & will not be constant, since the magnetic per- 

meability yz varies with the amount of magnetic saturation in the machine. 
Equation (4—58) is just the same as Equation (4-20), which we derived for the 

case of a single loop in a uniform magnetic field. It can apply to any ac machine, not 
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just to the simple one-loop rotor just described. Only the constant & will differ from 
machine to machine. This equation will be used only for a qualitative study of 
torque in ac machines, so the actual value of k is unimportant for our purposes. 

The net magnetic field in this machine is the vector sum of the rotor and sta- 
tor fields (assuming no saturation): 


Bie = Ba t+ Bs (4-59) 


This fact can be used to produce an equivalent (and sometimes more useful) ex- 
pression for the induced torque in the machine. From Equation (4-58) 


Tina = KBa x Bs (4-58) 
But from Equation (4-59), B, = B,,., — Bp, so 
Ting = KBz x (By. — Br) 
= k(B, x B,,,) —k( Bp x Bz) 


net 


Since the cross product of any vector with itself is zero, this reduces to 


(40 


so the induced torque can also be expressed as a cross product of Bg and B,,, with 
the same constant & as before. The magnitude of this expression is 


(4-61) 


where 6 is the angle between B, and B,,,. 

Equations (4—58) to (4-61) will be used to help develop a qualitative un- 
derstanding of the torque in ac machines. For example, look at the simple syn- 
chronous machine in Figure 4-19. Its magnetic fields are rotating in a counter- 
clockwise direction. What is the direction of the torque on the shaft of the 
machine’s rotor? By applying the right-hand rule to Equation (4-58) or (4-60), 
the induced torque 1s found to be clockwise, or opposite the direction of rotation 
of the rotor. Therefore, this machine must be acting as a generator. 


4.6 WINDING INSULATION IN AN 
AC MACHINE 


One of the most critical parts of an ac machine design is the insulation of its wind- 
ings. If the insulation of a motor or generator breaks down, the machine shorts 
out. The repair of a machine with shorted insulation is quite expensive, if it is even 
possible. To prevent the winding insulation from breaking down as a result of 
overheating, it is necessary to limit the temperature of the windings. This can be 
partially done by providing a cooling air circulation over them, but ultimately the 
maximum winding temperature limits the maximum power that can be supplied 
continuously by the machine. 
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FIGURE 4-19 
A simplified synchronous machine showing 
its rotor and stator magnetic fields. 


Insulation rarely fails from immediate breakdown at some critical tempera- 
ture. Instead, the increase in temperature produces a gradual degradation of the in- 
sulation, making it subject to failure from another cause such as shock, vibration, 
or electrical stress. There was an old rule of thumb that said that the life ex- 
pectancy of a motor with a given type of insulation is halved for each 10 percent 
rise in temperature above the rated temperature of the winding. This rule still ap- 
plies to some extent today. 

To standardize the temperature limits of machine insulation, the National 
Electrical Manufacturers Association (NEMA) in the United States has defined a 
series Of insulation system classes. Each insulation system class specifies the 
maximum temperature rise permissible for that class of insulation. There are three 
common NEMA insulation classes for integral-horsepower ac motors: B, F, and 
H. Each class represents a higher permissible winding temperature than the one 
before it. For example, the armature winding temperature rise above ambient tem- 
perature in one type of continuously operating ac induction motor must be limited 
to 80°C for class B, 105°C for class F, and 125°C for class H insulation. 

The effect of operating temperature on insulation life for a typical machine 
can be quite dramatic. A typical curve is shown in Figure 4-20. This curve shows 
the mean life of a machine in thousands of hours versus the temperature of the 
windings, for several different insulation classes. 

The specific temperature specifications for each type of ac motor and gen- 
erator are set out in great detail in NEMA Standard MG1-1993. Motors and Gen- 
erators. Similar standards have been defined by the International Electrotechnical 
Commission (IEC) and by various national standards organizations in other 
countries. 
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4.7 AC MACHINE POWER FLOWS 
AND LOSSES 


AC generators take in mechanical power and produce electric power, while ac 
motors take in electric power and produce mechanical power. In either case, not 
all the power input to the machine appears in useful form at the other end—there 
is always some loss associated with the process. 

The efficiency of an ac machine is defined by the equation 


2) 


n= px 100% (4-62) 


The difference between the input power and the output power of a machine is the 
losses that occur inside it. Therefore, 


(4-63) 


in 


The Losses in AC Machines 


The losses that occur in ac machines can be divided into four basic categories: 


1. Electrical or copper losses (7?R losses) 
2. Core losses 

3. Mechanical losses 

4. Stray load losses 


ELECTRICAL OR COPPER LOSSES. Copper losses are the resistive heating losses 
that occur in the stator (armature) and rotor (field) windings of the machine. The sta- 
tor copper losses (SCL) in a three-phase ac machine are given by the equation 


64 


where Jf, 1s the current flowing in each armature phase and KR, is the resistance of 
each armature phase. 

The rotor copper losses (RCL) of a synchronous ac machine (induction ma- 
chines will be considered separately in Chapter 7) are given by 


(4-65) 


where J, is the current flowing in the field winding on the rotor and &; is the re- 
sistance of the field winding. The resistance used in these calculations is usually 
the winding resistance at normal operating temperature. 


CORE LOSSES. The core losses are the hysteresis losses and eddy current losses 
occurring in the metal of the motor. These losses were described in Chapter 1. 
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These losses vary as the square of the flux density (B?) and, for the stator, as the 
1.5th power of the speed of rotation of the magnetic fields (n'). 


MECHANICAL LOSSES. The mechanical losses in an ac machine are the losses 
associated with mechanical effects. There are two basic types of mechanical 
losses: friction and windage. Friction losses are losses caused by the friction of the 
bearings in the machine, while windage losses are caused by the friction between 
the moving parts of the machine and the air inside the motor’s casing. These 
losses vary as the cube of the speed of rotation of the machine. 

The mechanical and core losses of a machine are often lumped together and 
called the no-load rotational loss of the machine. At no load, all the input power 
must be used to overcome these losses. Therefore, measuring the input power to 
the stator of an ac machine acting as a motor at no load will give an approximate 
value for these losses. 


STRAY LOSSES (OR MISCELLANEOUS LOSSES). Stray losses are losses that 
cannot be placed in one of the previous categories. No matter how carefully losses 
are accounted for, some always escape inclusion in one of the above calegories. 
All such losses are lumped into stray losses. For most machines, stray losses are 
taken by convention to be | percent of full load. 


The Power-Flow Diagram 


One of the most convenient techniques for accounting for power losses in a ma- 
chine is the power-flow diagram. A power-flow diagram for an ac generator is 
shown in Figure 4—2 1a. In this figure. mechanical power is input into the machine, 
and then the stray losses, mechanical losses, and core loses are subtracted. After 
they have been subtracted, the remaining power is ideally converted from me- 
chanical to electrical form at the point labeled P,,,,. The mechanical power that is 
converted is given by 


PR conv ~ Tind®m (4-66) 


and the same amount of electrical power is produced. However, this is not the 
power that appears at the machine’s terminals. Before the terminals are reached, 
the electrical /°R losses must be subtracted. 

In the case of ac motors, this power-flow diagram is simply reversed. The 
power-flow diagram for a motor is shown in Figure 4—2 1b. 

Example problems involving the calculation of ac motor and generator effi- 
ciencies will be given in the next three chapters. 


4.8 VOLTAGE REGULATION AND SPEED 
REGULATION 


Generators are often compared to each other using a figure of merit called voltage 
regulation. Voltage regulation (VR) is a measure of the ability of a generator to 
keep a constant voltage at its terminals as load varies. It is defined by the equation 
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(a) The power-flow diagram of a three-phase ac generator. (b) The power-flow diagram of a three- 
phase ac motor. 


Vii — Va 
VR = Va x 100% (4-67) 


where V,, is the no-load terminal voltage of the generator and Vp is the full-load 
terminal voltage of the generator. It is a rough measure of the shape of the gener- 
ator’s voltage-current characteristic—a positive voltage regulation means a 
drooping characteristic, and a negative voltage regulation means a rising charac- 
teristic. A small VR is “better” in the sense that the voltage at the terminals of the 
generator is more constant with variations in load. 

Similarly, motors are often compared to each other by using a figure of 
merit called speed regulation. Speed regulation (SR) is a measure of the ability of 
a motor to keep a constant shaft speed as load varies. It is defined by the equation 


Ny — Np 
SR = 2 x 100% (4-68) 
Ny 
or SR = val. 100% (4-69) 
@A 
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It is a rough measure of the shape of a motor’s torque—speed characteristic—a 
positive speed regulation means that a motor’s speed drops with increasing load, 
and a negative speed regulation means a motor’s speed increases with increasing 
load. The magnitude of the speed regulation tells approximately how steep the 
slope of the torque-speed curve is. 


4.9 SUMMARY 


There are two major types of ac machines: synchronous machines and induction 
machines. The principal ditference between the two types is that synchronous ma- 
chines require a de field current to be supplied to their rotors, while induction ma- 
chines have the field current induced in their rotors by transformer action. They 
will be explored in detail in the next three chapters. 

A three-phase system of currents supplied to a system of three coils spaced 
120 electrical degrees apart on a stator will produce a uniform rotating magnetic 
field within the stator. The direction of rotation of the magnetic field can be re- 
versed by simply swapping the connections to any two of the three phases. Con- 
versely, a rotating magnetic field will produce a three-phase set of voltages within 
such a set of coils. 

In stators of more than two poles, one complete mechanical rotation of the 
magnetic fields produces more than one complete electrical cycle. For such a sta- 
tor, one mechanical rotation produces P/2 electrical cycles. Therefore, the electri- 
cal angle of the voltages and currents in such a machine is related to the mechan- 
ical angle of the magnetic fields by 


P 
0, = 59m 


The relationship between the electrical frequency of the stator and the mechanical 
rate of rotation of the magnetic fields is 


The types of losses that occur in ac machines are electrical or copper losses 
(PR losses), core losses, mechanical losses, and stray losses. Each of these losses 
was described in this chapter, along with the definition of overall machine effi- 
ciency. Finally, voltage regulation was defined for generators as 


_ Mua — Ya 100% 
Va x C 


and speed regulation was defined for motors as 


A ~- 7 
SR =" —* x 100% 
fl 
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QUESTIONS 


4-1. 


4-2. 


4-3. 


444, 


What is the principal difference between a synchronous machine and an induction 
machine? 

Why does switching the current flows in any two phases reverse the direction of ro- 
tation of a stator’s magnetic field? 

What is the relationship between electrical frequency and magnetic field speed for 
an ac machine? 

What is the equation for the induced torque in an ac machine? 


PROBLEMS 


4-1. 


4-2. 


4-3. 


4-5. 


4-6, 


4-7. 


The simple loop rotating in a uniform magnetic field shown in Figure 4—1 has the 
following characteristics: 


B = 0.5 T to the right r=0.1m 
/=05m w = 103 rad/s 


(a) Calculate the voltage e,,,() induced in this rotating loop. 

(b) Suppose that a 5-C resistor is connected as a load across the terminals of the 
loop. Calculate the current that would flow through the resistor. 

(c) Calculate the magnitude and direction of the induced torque on the loop for 
the conditions in d. 

(ad) Calculate the electric power being generated by the loop for the conditions in b. 

(e) Calculate the mechanical power being consumed by the loop for the conditions 
in 6. How does this number compare to the amount of electric power being gen- 
erated by the loop? 

Develop a table showing the speed of magnetic field rotation in ac machines of 2, 4, 

6, 8, 10, 12, and 14 poles operating at frequencies of 50, 60, and 400 Hz. 

A three-phase, four-pole winding is installed in 12 slots on a stator. There are 40 

turns of wire in each slot of the windings. All coils in each phase are connected in 

series, and the three phases are connected in A. The flux per pole in the machine is 

0.060 Wb, and the speed of rotation of the magnetic field is 1800 r/min. 

(a) What is the frequency of the voltage produced in this winding? 

(b) What are the resulting phase and terminal voltages of this stator? 


. Athree-phase, Y-connected, 50-Hz, two-pole synchronous machine has a stator with 


2000 turns of wire per phase. What rotor flux would be required to produce a termi- 
nal (line-to-line) voltage of 6 kV? 

Modify the MATLAB problem in Example 4—1 by swapping the currents flowing in 
any two phases. What happens to the resulting net magnetic field? 

If an ac machine has the rotor and stator magnetic fields shown in Figure P4—1, what 
is the direction of the induced torque in the machine? Is the machine acting as a mo- 
tor or generator? 

The flux density distribution over the surface of a two-pole stator of radius r and 
length / is given by 


B = By cos (@,,f — a) (4—37b) 
Prove that the total flux under each pole face is 


ob = 2rIBy 
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FIGURE P4-1 
The ac machine of Problem 4-6. 


4-8. In the early days of ac motor development, machine designers had great difficulty 


controlling the core losses (hysteresis and eddy currents) in machines. They had not 

yet developed steels with low hysteresis, and were not making laminations as thin 

as the ones used today. To help control these losses, early ac motors in the United 

States were run from a 25-Hz ac power supply, while lighting systems were run 

from a separate 60-Hz ac power supply. 

(a) Develop a table showing the speed of magnetic field rotation in ac machines of 
2, 4, 6, 8, 10, 12, and 14 poles operating at 25 Hz. What was the fastest rota- 
tional speed available to these early motors? 

(bh) For a given motor operating at a constant flux density B, how would the core 
losses of the motor running at 25 Hz compare to the core losses of the motor 
running at 60 Hz? 

(c) Why did the early engineers provide a separate 60-Hz power system for lighting? 
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CHAPTER 


SYNCHRONOUS 
GENERATORS 


So generators or alternators are synchronous machines used to con- 
vert mechanical power to ac electric power. This chapter explores the opera- 
tion of synchronous generators, both when operating alone and when operating to- 
gether with other generators. 


5.1 SYNCHRONOUS GENERATOR 
CONSTRUCTION 


In a synchronous generator, a de current is applied to the rotor winding, which 
produces a rotor magnetic field. The rotor of the generator is then turned by a 
prime mover, producing a rotating magnetic field within the machine. This rotat- 
ing magnetic field induces a three-phase set of voltages within the stator windings 
of the generator. 

Two terms commonly used to describe the windings on a machine are field 
windings and armature windings. In general, the term “field windings” applies to 
the windings that produce the main magnetic field in a machine, and the term 
“armature windings” applies to the windings where the main voltage is induced. 
For synchronous machines, the field windings are on the rotor, so the terms “rotor 
windings” and “field windings” are used interchangeably. Similarly, the terms 
“stator windings” and “armature windings” are used interchangeably. 

The rotor of a synchronous generator is essentially a large electromagnet. 
The magnetic poles on the rotor can be of either salient or nonsalient construction. 
The term salient means “protruding” or “sticking out,” and a salient pole is a mag- 
netic pole that sticks out from the surface of the rotor. On the other hand, a 
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End View Side View 


FIGURE 5-1 
A nonsalient two-pole rotor for a synchronous machine. 


nonsalient pole is a magnetic pole constructed flush with the surface of the rotor. 
A nonsalient-pole rotor is shown in Figure 5—1, while a salient-pole rotor is shown 
in Figure 5—2. Nonsalient-pole rotors are normally used for two- and four-pole ro- 
tors, while salient-pole rotors are normally used for rotors with four or more poles. 
Because the rotor is subjected to changing magnetic fields, it is constructed of thin 
laminations to reduce eddy current losses. 

A de current must be supplied to the field circuit on the rotor. Since the ro- 
tor is rotating, a special arrangement is required to get the dc power to its field 
windings. There are two common approaches to supplying this dc power: 


1. Supply the dc power from an external de source to the rotor by means of slip 
rings and brushes. 


2. Supply the dc power from a special dc power source mounted directly on the 
shaft of the synchronous generator. 


Slip rings are metal rings completely encircling the shaft of a machine but in- 
sulated from it. One end of the dc rotor winding is tied to each of the two slip rings 
on the shaft of the synchronous machine, and a stationary brush rides on each slip 
ring. A “brush” is a block of graphitelike carbon compound that conducts electric- 
ity freely but has very low friction, so that it doesn’t wear down the slip ring. If the 
positive end of a de voltage source is connected to one brush and the negative end 
is connected to the other, then the same de voltage will be applied to the field wind- 
ing at all times regardless of the angular position or speed of the rotor. 

Slip rings and brushes create a few problems when they are used to supply 
dc power to the field windings of a synchronous machine. They increase the 
amount of maintenance required on the machine, since the brushes must be 
checked for wear regularly. In addition, brush voltage drop can be the cause of 
significant power losses on machines with larger field currents. Despite these 
problems, slip rings and brushes are used on all smaller synchronous machines, 
because no other method of supplying the dc field current is cost-effective. 

On larger generators and motors, brushiess exciters are used to supply the 
de field current to the machine. A brushless exciter is a small ac generator with its 
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FIGURE 5-2 

(a) A Salient six-pole rotor for a synchronous 
machine. (b) Photograph of a salient eight-pole 
synchronous machine rotor showing the windings 
on the individual rotor poles. (Courtesy of 
General Electric Company.) (c) Photograph of 

a single salient pole from a rotor with the field 


(d) 


windings not yet in place. (Courtesy of General Electric Company.) (d) A single salient pole shown 
after the field windings are installed but before it is mounted on the rotor. (Courtesy of Westinghouse 
Electric Company.) 


field circuit mounted on the stator and its armature circuit mounted on the rotor 
shaft. The three-phase output of the exciter generator is rectified to direct current 
by a three-phase rectifier circuit also mounted on the shaft of the generator, and is 
then fed into the main dc field circuit. By controlling the small de field current of 
the exciler generator (located on the stator), it is possible to adjust the field current 
on the main machine without slip rings and brushes. This arrangement is shown 
schematically in Figure 5-3, and a synchronous machine rotor with a brushless 
exciter mounted on the same shaft is shown in Figure 5-4. Since no mechanical 
contacts ever occur between the rotor and the stator, a brushless exciter requires 
much less maintenance than slip rings and brushes. 
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Exciter Three-phase Synchronous 
| rectifier | machine 
| | 

I, 
Exciter armature | <i. Main Field 
| 
| 


Rotor 


Stator 


Main armature 


Three-phase 
input (low current) 


FIGURE 5-3 

A brushless exciter circuit. A small three-phase current is rectified and used to supply the field circuit 
of the exciter, which is located on the stator. The output of the armature circuit of the exciter (on the 
rotor) is then rectified and used to supply the field current of the main machine. 


FIGURE 544 

Photograph of a synchronous machine rotor with a brushless exciter mounted on the same shaft. 
Notice the rectifying electronics visible next to the armature of the exciter. (Courtesy of 
Westinghouse Electric Company.) 
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A brushless excitation scheme that includes a pilot exciter. The permanent magnets of the pilot exciter 
produce the field current of the exciter, which in turn produces the field current of the main machine. 


To make the excitation of a generator completely independent of any exter- 
nal power sources, a small pilot exciter is often included in the system. A pilot ex- 
citer is a small ac generator with permanent magnets mounted on the rotor shaft 
and a three-phase winding on the stator. It produces the power for the field circuit 
of the exciter, which in turn controls the field circuit of the main machine. If a 
pilot exciter is included on the generator shaft, then no external electric power is 
required to run the generator (see Figure 5-5). 

Many synchronous generators that include brushless exciters also have slip 
rings and brushes, so that an auxiliary source of dc field current is available in 
emergencies. 

The stator of a synchronous generator has already been described in Chap- 
ter 4, and more details of stator construction are found in Appendix B. Synchro- 
nous generator stators are normally made of preformed stator coils in a double- 
layer winding. The winding itself is distributed and chorded in order to reduce the 
harmonic content of the output voltages and currents, as described in Appendix B. 

A cutaway diagram of a complete large synchronous machine is shown in 
Figure 5-6. This drawing shows an eight-pole salient-pole rotor, a stator with dis- 
tributed double-layer windings, and a brushless exciter. 
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FIGURE 5-6 
A cutaway diagram of a large synchronous machine. Note the salient-pole construction and the on- 
shaft exciter. (Courtesy of General Electric Company.) 


5.2 THE SPEED OF ROTATION OFA 
SYNCHRONOUS GENERATOR 


Synchronous generators are by definition synchronous, meaning that the electrical 
frequency produced is locked in or synchronized with the mechanical rate of 
rotation of the generator. A synchronous generator’s rotor consists of an electro- 
magnet to which direct current is supplied. The rotor’s magnetic field points in 
whatever direction the rotor is turned. Now, the rate of rotation of the magnetic 
fields in the machine is related to the stator electrical frequency by Equation (4-34): 


n,P 
fe = 120 (4-34) 


where ff, = electrical frequency, in Hz 


N», = mechanical speed of magnetic field, in r/min (equals speed of 
rotor for synchronous machines) 


P = number of poles 


Since the rotor turns at the same speed as the magnetic field, this equation relates 
the speed of rotor rotation to the resulting electrical frequency. Electric power is 
generated at 50 or 60 Hz, so the generator must turn at a fixed speed depending on 
the number of poles on the machine. For example, to generate 60-Hz power in a 
two-pole machine, the rotor must turn at 3600 r/min. To generate 50-Hz power in 
a four-pole machine, the rotor must turn at 1500 r/min. The required rate of rota- 
tion for a given frequency can always be calculated from Equation (4-34). 
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¢ Ey W = Wsync (constant) 


Ip Ip 
(a) (b) 


FIGURE 5-7 
(a) Plot of flux versus field current for a synchronous generator. (b) The magnetization curve for the 
synchronous generator. 


5.3 THE INTERNAL GENERATED VOLTAGE 
OF A SYNCHRONOUS GENERATOR 


In Chapter 4, the magnitude of the voltage induced in a given stator phase was 
found to be 


E, = V20Nc of (4-50) 


This voltage depends on the flux @in the machine, the frequency or speed of ro- 
tation, and the machine’s construction. In solving problems with synchronous ma- 
chines, this equation is sometimes rewritten in a simpler form that emphasizes the 
quantities that are variable during machine operation. This simpler form is 


where K is a constant representing the construction of the machine. If @ is ex- 
pressed in electrical radians per second, then 


N. 
K= V5 (5-2) 
while if w is expressed in mechanical radians per second, then 
N.P | 
K= V5 (5-3) 


The internal generated voltage E, is directly proportional to the flux and to 
the speed, but the flux itself depends on the current flowing in the rotor field cir- 
cuit. The field circuit J; is related to the flux @ in the manner shown in Fig- 
ure 5—7a. Since E, is directly proportional to the flux, the internal generated volt- 
age E, is related to the field current as shown in Figure 5—7b. This plot is called 
the magnetization curve or the open-circuit characteristic of the machine. 
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5.4 THE EQUIVALENT CIRCUIT OFA 
SYNCHRONOUS GENERATOR 


The voltage E, is the internal generated voltage produced in one phase of a syn- 
chronous generator. However, this voltage E, is not usually the voltage that ap- 
pears at the terminals of the generator. In fact, the only time the internal voltage 
E, is the same as the output voltage Vy of a phase is when there is no armature 
current flowing in the machine. Why is the output voltage V, from a phase not 
equal to E,, and what is the relationship between the two voltages? The answer to 
these questions yields the model of a synchronous generator. 

There are a number of factors that cause the difference between E, and V4: 


1. The distortion of the air-gap magnetic field by the current flowing in the sta- 
tor, called armature reaction. 


2. The self-inductance of the armature coils. 
3. The resistance of the armature coils. 
4. The effect of salient-pole rotor shapes. 


We will explore the effects of the first three factors and derive a machine model 
from them. In this chapter, the effects of a salient-pole shape on the operation of a 
synchronous machine will be ignored; in other words, all the machines in this 
chapter are assumed to have nonsalient or cylindrical rotors. Making this assump- 
tion will cause the calculated answers to be slightly inaccurate if a machine does 
indeed have salient-pole rotors, bul the errors are relatively minor. A discussion of 
the effects of rotor pole saliency is included in Appendix C. 

The first effect mentioned, and normally the largest one, is armature reac- 
tion. When a synchronous generator’s rotor is spun, a voltage E, is induced in the 
generator’s stator windings. If a load is attached to the terminals of the generator, 
a current flows. But a three-phase stator current flow will produce a magnetic 
field of its own in the machine. This stator magnetic field distorts the original ro- 
tor magnetic field, changing the resulting phase voltage. This effect is called 
armature reaction because the armature (stator) current affects the magnetic field 
which produced it in the first place. 

To understand armature reaction, refer to Figure 5-8. Figure 5-8a shows a 
two-pole rotor spinning inside a three-phase stator. There is no load connected to 
the stator. The rotor magnetic field Bz produces an internal generated voltage E, 
whose peak value coincides with the direction of By. As was shown in the last 
chapter, the voltage will be positive out of the conductors at the top and negative 
into the conductors at the bottom of the figure. With no load on the generator, 
there is no armature current flow, and E, will be equal to the phase voltage V4. 

Now suppose that the generator is connected to a lagging load. Because the 
load is lagging, the peak current will occur at an angle behind the peak voltage. 
This effect is shown in Figure 5-8b. 

The current flowing in the stator windings produces a magnetic field of its 
own. This stator magnetic field is called B, and its direction is given by the right- 
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FIGURE 5-8 


The development of a model for armature reaction: (a) A rotating magnetic field produces the 
internal generated voltage Ey. (b) The resulting voltage produces a lagging current flow when 
connected to a lagging load. (c) The stator current produces its own magnetic field B,, which 
produces its own voltage E,,,, in the stator windings of the machine. (d) The field B, adds to Ba, 
distorting it into B,... The voltage E,.,, adds to Ey, producing Vy at the output of the phase. 


hand rule to be as shown in Figure 5—8c. The stator magnetic field B, produces a 
voltage of its own in the stator, and this voltage is called E,,, on the figure. 

With two voltages present in the stator windings, the total voltage in a phase 
is just the sum of the internal generated voltage E, and the armature reaction volt- 
age Ey! 


Vg = Ea + Enea (5-4) 
The net magnetic field B,,, is just the sum of the rotor and stator magnetic fields: 


Bue = Bp + B; (5-5) 
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jx Ia 


FIGURE 5-9 
> A simple circuit (see text). 


Since the angles of E, and B, are the same and the angles of E,,,, and B,, are the 
same, the resulting magnetic field B,,, will coincide with the net voltage V,. The 
resulting voltages and currents are shown in Figure 5—8d. 

How can the effects of armature reaction on the phase voltage be modeled? 
First, note that the voltage E,,,, lies at an angle of 90° behind the plane of maxi- 
mum current [,. Second, the voltage E,,,, is directly proportional to the current I. 
If X is a constant of proportionality, then the armature reaction voltage can be ex- 
pressed as 


Boat = — jxl, (5-6) 
The voltage on a phase is thus 
Vy _ E, — jxi, (5-7) 


Look at the circuit shown in Figure 5-9. The Kirchhoff’s voltage law equa- 
tion for this circuit is 


This is exactly the same equation as the one describing the armature reaction volt- 
age. Therefore, the armature reaction voltage can be modeled as an inductor in 
series with the internal generated voltage. 

In addition to the effects of armature reaction, the stator coils have a self- 
inductance and a resistance. If the stator self-inductance is called L, (and its cor- 
responding reactance is called X,) while the stator resistance is called R,, then the 
total difference between E, and V, is given by 


Vs = E, — jxl, — jX4l, aa Ral, (5-9) 


The armature reaction effects and the self-inductance in the machine are both rep- 
resented by reactances, and it is customary to combine them into a single reac- 
tance, called the synchronous reactance of the machine: 


Xs=X+ X, (5-10) 


Therefore, the final equation describing Vg is 


(5-11) 
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FIGURE 35-10 
The full equivalent circuit of a three-phase synchronous generator. 


It is now possible to sketch the equivalent circuit of a three-phase synchro- 
nous generator. The full equivalent circuit of such a generator is shown in Fig- 
ure 5-10. This figure shows a dc power source supplying the rotor field circuit, 
which is modeled by the coil’s inductance and resistance in series. In series with 
Rr is an adjustable resistor R,g, which controls the flow of field current. The rest 
of the equivalent circuit consists of the models for each phase. Each phase has an 
internal generated voltage with a series inductance Xs (consisting of the sum of 
the armature reactance and the coil’s self-inductance) and a series resistance R,. 
The voltages and currents of the three phases are 120° apart in angle, but other- 
wise the three phases are identical. 

These three phases can be either Y- or A-connected as shown in Figure 
5-11. If they are Y-connected, then the terminal voltage V; is related to the phase 
voltage by 


V, = V3V, (5-12) 
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FIGURE 5-11 
The generator equivalent circuit connected in (a) Y and (b) A. 


If they are A-connected, then 
V;= Vs (5-13) 


The fact that the three phases of a synchronous generator are identical in all 
respects except for phase angle normally leads to the use of a per-phase equiva- 
lent circuit. The per-phase equivalent circuit of this machine is shown in Fig- 
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FIGURE 5-12 
The per-phase equivalent circuit of a synchronous generator. The internal field circuit resistance and 
the external variable resistance have been combined into a single resistor Rr. 


E, 


IXsl4 


—eiee | 


FIGURE 5-13 
The phasor diagram of a synchronous generator at unity power factor. 


ure 5-12. One important fact must be kept in mind when the per-phase equivalent 
Circuit is used: The three phases have the same voltages and currents only when 
the loads attached to them are balanced. If the generator’s loads are not balanced, 
more sophisticated techniques of analysis are required. These techniques are be- 
yond the scope of this book. 


5.5 THE PHASOR DIAGRAM OFA 
SYNCHRONOUS GENERATOR 


Because the voltages in a synchronous generator are ac voltages, they are usually 
expressed as phasors. Since phasors have both a magnitude and an angle, the re- 
lationship between them must be expressed by a two-dimensional plot. When the 
voltages within a phase (E4, V4, /Xsl,, and R,I,) and the current I, in the phase 
are plotted in such a fashion as to show the relationships among them, the result- 
ing plot is called a phasor diagram. 

For example, Figure 5-13 shows these relationships when the generator is 
supplying a load at unity power factor (a purely resistive load). From Equation 
(5-11), the total voltage E, differs from the terminal voltage of the phase Vy by 
the resistive and inductive voltage drops. All voltages and currents are referenced 
to Vy, which is arbitrarily assumed to be at an angle of 0°. 

This phasor diagram can be compared to the phasor diagrams of generators 
operating at lagging and leading power factors. These phasor diagrams are shown 
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(b) 


FIGURE 5-14 
The phasor diagram of a synchronous generator at (a) lagging and (b) leading power factor. 


in Figure 5-14. Notice that, for a given phase voltage and armature current, a 
larger internal generated voltage E, is needed for lagging loads than for leading 
loads. Therefore, a larger field current is needed with lagging loads to get the 
same terminal voltage, because 


E, = Kow (5-1) 


and w must be constant to keep a constant frequency. 

Alternatively, for a given field current and magnitude of load current, the 
terminal voltage is lower for lagging loads and higher for leading loads. 

In real synchronous machines, the synchronous reactance is normally much 
larger than the winding resistance Ry, so Ry 1s often neglected in the gualitative 
study of voltage variations. For accurate numerical results, R, must of course be 
considered. 


5.6 POWER AND TORQUE IN 
SYNCHRONOUS GENERATORS 


A synchronous generator is a synchronous machine used as a generator. It con- 
verts mechanical power to three-phase electrical power. The source of mechanical 
power, the prime mover, may be a diesel engine, a steam turbine, a water turbine, 
or any similar device. Whatever the source, it must have the basic property that its 
speed is almost constant regardless of the power demand. If that were not so, then 
the resulting power system’s frequency would wander. 

Not all the mechanical power going into a synchronous generator becomes 
electrical power out of the machine. The difference between input power and output 
power represents the losses of the machine. A power-flow diagram for a synchro- 
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The power-flow diagram of a synchronous generator. 


nous generator is shown in Figure 5—15. The input mechanical power is the shaft 
power in the generator F, = Tapp@,, While the power converted from mechanical 
to electrical form internally is given by 


Pond = Tint m (5-14) 
= 3E,1, cos y (5-15) 


where + is the angle between E, and I,. The difference between the input power 
to the generator and the power converted in the generator represents the mechan- 
ical, core, and stray losses of the machine. 

The real electrical output power of the synchronous generator can be ex- 
pressed in line quantities as 


Py, = V3V71, cos 0 (5-16) 
and in phase quantities as 
Por = 34, cos 0 (5-17) 
The reactive power output can be expressed in line quantities as 
Qu = V3Vri, sin é@ (5-18) 
or in phase quantities as 
Qu = 3V,1, sin é (5-19) 


If the armature resistance R, is ignored (since X; >> R,), then a very useful 
equation can be derived to approximate the output power of the generator. To de- 
rive this equation, examine the phasor diagram in Figure 5-16. Figure 5-16 shows 
a simplified phasor diagram of a generator with the stator resistance ignored. No- 
tice that the vertical segment be can be expressed as either E, sin 6 or X51, cos @. 
Therefore, 


E, sind 


I, 008 8 = > 
s 
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= Xs 1, cos @ 
ae i 
FIGURE 5-16 
Simplified phasor diagram with armature resistance ignored. 
and substituting this expression into Equation (5-17) gives 
3 Vs E, sin § 
P= (5-20) 


Xs 


Since the resistances are assuined to be zero in Equation (5—20), there are no elec- 
trical losses in this generator, and this equation is both P.,,, and P,,,,- 

Equation (5-20) shows that the power produced by a synchronous genera- 
tor depends on the angle 6 between V, and E,. The angle 6 is known as the torque 
angle of the machine. Notice also that the maximum power that the generator can 


supply occurs when 6 = 90°. At 6 = 90°, sin 6 = 1, and 


3V,E 
Powe = (5-21) 


The maximum power indicated by this equation is called the static stability limit 
of the generator. Normally, real generators never even come close to that limit. 
Full-load torque angles of 15 to 20° are more typical of real machines. 

Now take another look at Equations (5-17), (5-19), and (5-20). If Vs iS as- 
sumed constant, then the real power output is directly proportional to the quanti- 
ties J, cos @ and E, sin 6, and the reactive power output is directly proportional to 
the quantity Z, sin @. These facts are useful in plotting phasor diagrams of syn- 
chronous generators as loads change. 

From Chapter 4, the induced torque in this generator can be expressed as 


Ting = KBr X Bs (4-58) 
OT aS 
Ting = KBr x Bue (4-60) 
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The magnitude of Equation (4-60) can be expressed as 
Ting = KBpBie, Sin 6 (4-61) 


where 6 is the angle between the rotor and net magnetic fields (the so-called 
torque angle). Since Br produces the voltage E, and B,,, produces the voltage V4, 
the angle 5 between E, and V, is the same as the angle 6 between Bz and B,.. 

An alternative expression for the induced torque in a synchronous generator 
can be derived from Equation (5-20). Because P.,, = Ting@y» the induced torque 
can be expressed as 

3 ECA? | 
Tind ~ eX. (5-22) 
m§ 

This expression describes the induced torque in terms of electrical quantities, 
whereas Equation (4-60) gives the same information in terms of magnetic 
quantities. 


5.7 MEASURING SYNCHRONOUS 
GENERATOR MODEL PARAMETERS 


The equivalent circuit of a synchronous generator that has been derived contains 
three quantities that must be determined in order to completely describe the be- 
havior of a real synchronous generator: 


1. The relationship between field current and flux (and therefore between the 
field current and E,) 


2. The synchronous reactance 
3. The armature resistance 


This section describes a simple technique for determining these quantities in a 
synchronous generator. 

The first step in the process is to perform the open-circuit test on the gener- 
ator. To perform this test, the generator is turned at the rated speed, the terminals 
are disconnected from all loads, and the field current is set to zero. Then the field 
current is gradually increased in steps, and the terminal voltage is measured at each 
step along the way. With the terminals open, J, = 0, so E, is equal to V,. It is thus 
possible to construct a plot of E, or Vz versus J, from this information. This plot is 
the so-called open-circuit characteristic (OCC) of a generator. With this character- 
istic, it is possible to find the internal generated voltage of the generator for any 
given field current. A typical open-circuit characteristic is shown in Figure 5-1 7a. 
Notice that at first the curve is almost perfectly linear, until] some saturation is ob- 
served at high field currents. The unsaturated iron in the frame of the synchronous 
machine has a reluctance several thousand times lower than the air-gap reluctance, 
so at first almost a// the magnetomotive force is across the air gap, and the result- 
ing flux increase is linear. When the iron finally saturates, the reluctance of the iron 
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FIGURE 5-17 

(a) The open-circuit characteristic 

(OCC) of a synchronous generator. 
Ip. A (b) The short-circuit characteristic 

(b) (SCC) of a synchronous generator. 


increases dramatically, and the flux increases much more slowly with an increase 
in magnetomotive force. The linear portion of an OCC is called the air-gap line of 
the characteristic. 

The second step in the process is to conduct the short-circuit test. To per- 
form the short-circuit test, adjust the field current to zero again and short-circuit 
the terminals of the generator through a set of ammeters. Then the armature cur- 
rent 7, or the line current J; is measured as the field current is increased. Such a 
plot is called a short-circuit characteristic (SCC) and is shown in Figure 5—17b. It 
is essentially a straight line. To understand why this characteristic is a straight line, 
look at the equivalent circuit in Figure 5-12 when the terminals of the machine 
are short-circuited. Such a circuit is shown in Figure 5—18a. Notice that when the 
terminals are short-circuited, the armature current I, is given by 

E, 


a= Ry + jXz 


(5-23) 


and its magnitude is just given by 
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I, 
E4 @ ee 0™ iXsla 


FIGURE 5-18 
(a) The equivalent circuit of a synchronous generator during the short-circuit test. (b) The resulting 
phasor diagram. (c) The magnetic fields during the short-circuit test. 


Ey 
I, = VRz + X2 (5-24) 


The resulting phasor diagram is shown in Figure 5-18b, and the corresponding 
magnetic fields are shown in Figure 5—18c. Since Bs almost cancels Bg, the net 
magnetic field B,,, is very small (corresponding to internal resistive and inductive 
drops only). Since the net magnetic field in the machine is so small, the machine 
is unsaturated and the SCC is linear. 

To understand what information these two characteristics yield, notice that, 
with V, equal to zero in Figure 5-18, the internal machine impedance is given by 


E 
Zs = VRi + X2 = 7 (5-25) 


Since Xs >> Ry, this equation reduces to 


E V, 
Xs Fr) =A = a 


1, I, (5-26) 


If £, and J, are known for a given situation, then the synchronous reactance Xx 
can be found. 

Therefore, an approximate method for determining the synchronous reac- 
tance Xs at a given field current is 


1. Get the internal generated voltage E, from the OCC at that field current. 
2. Get the short-circuit current flow Z, sc at that field current from the SCC. 
3. Find X; by applying Equation (5-26). 
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FIGURE 5-19 

A sketch of the approximate synchronous reactance of a synchronous generator as a function of the 
field current in the machine. The constant value of reactance found at low values of field current is 
the unsaturated synchronous reactance of the machine. 


There is a problem with this approach, however. The internal generated 
voltage E, comes from the OCC, where the machine is partially saturated for 
large field currents, while J, is taken from the SCC, where the machine is unsatu- 
rated at all field currents. Therefore, at higher field currents, the E, taken from the 
OCC at a given field current is not the same as the £, at the same field current un- 
der short-circuit conditions, and this difference makes the resulting value of Xs 
only approximate. 

However, the answer given by this approach is accurate up to the point of 
saturation, so the unsaturated synchronous reactance Xz ,, of the machine can be 
found simply by applying Equation (5-26) at any field current in the linear por- 
tion (on the air-gap line) of the OCC curve. 

The approximate value of synchronous reactance varies with the degree of 
saturation of the OCC, so the value of the synchronous reactance to be used in a 
given problem should be one calculated at the approximate load on the machine. 
A plot of approximate synchronous reactance as a function of field current is 
shown in Figure 5-19. 

To get a more accurate estimation of the saturated synchronous reactance, 
refer to Section 5-3 of Reference 2. 

If it is important to know a winding’s resistance as well as its synchronous 
reactance, the resistance can be approximated by applying a dc voltage to the 
windings while the machine is stationary and measuring the resulting current 
flow. The use of dc voltage means that the reactance of the windings will be zero 
during the measurement process. 
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This technique is not perfectly accurate, since the ac resistance will be 
slightly larger than the dc resistance (as a result of the skin effect at higher fre- 
quencies). The measured value of the resistance can even be plugged into Equa- 
tion (5-26) to improve the estimate of Xs, if desired. (Such an improvement is not 
much help in the approximate approach—saturation causes a much larger error in 
the X, calculation than ignoring R, does.) 


The Short-Circuit Ratio 


Another parameter used to describe synchronous generators is the short-circuit ra- 
tio. The short-circuit ratio of a generator is defined as the ratio of the field current 
required for the rated voltage at open circuit to the field current required for the 
rated armature current at short circuit. It can be shown that this quantity is just 
the reciprocal of the per-unit value of the approximate saturated synchronous re- 
actance calculated by Equation (5-26). 

Although the short-circuit ratio adds no new information about the genera- 
tor that is not already Known from the saturated synchronous reactance, it is im- 
portant to know what it is, since the term is occasionally encountered in industry. 


Example 5-1. A 200-kVA, 480-V, 50-Hz, Y-connected synchronous generator 
with a rated field current of 5 A was tested, and the following data were taken: 


1. Vzroc at the rated [- was measured to be 540 V. 

2. [psc at the rated /; was found to be 300 A. 

3. When a de voltage of 10 V was applied to two of the terminals, a current of 25 A 
was measured. 


Find the values of the armature resistance and the approximate synchronous reactance in 
ohms that would be used in the generator model at the rated conditions. 


Solution 
The generator described above is Y-connected, so the direct current in the resistance test 
flows through two windings. Therefore, the resistance is given by 


V 
2R, = 7° 

bc 

V, 
R, == == __o20 


~ Qe (225 A) 


The internal generated voltage at the rated field current is equal to 


Vr 
f= Vs.oc ~fS 
_ 40V _ 
ar 311.8 V 


The short-circuit current /4 is just equal to the line current, since the generator is Y- 
connected: 


lasc = fisc = 300A 
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FIGURE 5-20 


The per-phase equivalent circuit of the generator in Example 5-1. 


Therefore, the synchronous reactance at the rated field current can be calculated from 
Equation (5-25): 


E 
(RG + XZ = i (5-25) 
311.8 V 


(0.2 OY + XZ = 1.0390 


0.04 + X2 = 1.08 
x2 = 1.04 
X, = 1.020 


How much effect did the inclusion of R, have on the estimate of X;? Not much. If Xs 
is evaluated by Equation (5-26), the result is 


Since the error in X; due to ignoring R, is much less than the error due to saturation effects, 
approximate calculations are normally done with Equation (5-26). 
The resulting per-phase equivalent circuit is shown in Figure 5-20. 


5.8 THE SYNCHRONOUS GENERATOR 
OPERATING ALONE 


The behavior of a synchronous generator under load varies greatly depending on 
the power factor of the load and on whether the generator is operating alone or in 
parallel with other synchronous generators. In this section, we will study the be- 
havior of synchronous generators operating alone. We will study the behavior of 
synchronous generators operating in parallel in Section 5.9. 

Throughout this section, concepts will be illustrated with simplified phasor 
diagrams ignoring the effect of R,. In some of the numerical examples the resis- 
tance R, will be included. 

Unless otherwise stated in this section, the speed of the generators will be 
assumed constant, and all terminal characteristics are drawn assuming constant 


SYNCHRONOUS GENERATORS 289 


FIGURE §-21 
A single generator supplying a load. 


speed. Also, the rotor flux in the generators is assumed constant unless their field 
current is explicitly changed. 


The Effect of Load Changes on a Synchronous 
Generator Operating Alone 


To understand the operating characteristics of a synchronous generator operating 
alone, examine a generator supplying a load. A diagram of a single generator sup- 
plying a load is shown in Figure 5-21. What happens when we increase the load 
on this generator? 

An increase in the load is an increase in the real and/or reactive power 
drawn from the generator. Such a load increase increases the load current drawn 
from the generator. Because the field resistor has not been changed, the field cur- 
rent is constant, and therefore the flux @ is constant. Since the prime mover also 
keeps a constant speed w, the magnitude of the internal generated voltage E, = 
Kew is constant. 

If E, is constant, just what does vary with a changing load? The way to find 
out is to construct phasor diagrams showing an increase in the load, keeping the 
constraints on the generator in mind. 

First, examine a generator operating at a lagging power factor. If more load 
is added at the same power factor, then | I,| increases but remains at the same an- 
gle @ with respect to Vy as before. Therefore, the armature reaction voltage jXs I, 
is larger than before but at the same angle. Now since 


E, =. V5 + jXsl, 


jXsI, must stretch between Vj, at an angle of 0° and Ey, which is constrained to be 
of the same magnitude as before the load increase. If these constraints are plotted 
on a phasor diagram, there is one and only one point at which the armature reac- 
tion voltage can be parallel to its original position while increasing in size. The re- 
sulting plot is shown in Figure 5—22a. 

If the constraints are observed, then it is seen that as the load increases, the 
voltage V4 decreases rather sharply. 

Now suppose the generator is loaded with unity-power-factor loads. What 
happens if new loads are added at the same power factor? With the same con- 
straints as before, it can be seen that this time V4 decreases only slightly (see Fig- 
ure 5—22b). 
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FIGURE 5-22 
The effect of an increase in generator loads at constant power factor upon its terminal voltage. 
(a) Lagging power factor; (b) unity power factor; (c) leading power factor. 


Finally, let the generator be loaded with leading-power-factor loads. If new 
loads are added at the same power factor this time, the armature reaction voltage 
lies outside its previous value, and V4 actually rises (see Figure 5-22c). In this last 
case, an increase in the load in the generator produced an increase in the terminal 
voltage. Such a result is not something one would expect on the basis of intuition 
alone. 

General conclusions from this discussion of synchronous generator behav- 
ior are 


1. If lagging loads (+@Q or inductive reactive power loads) are added to a gen- 
erator, Vy and the terminal voltage V; decrease significantly. 

2. If unity-power-factor loads (no reactive power) are added to a generator, there 
is a slight decrease in Vy and the terminal voltage. 


3. If leading loads (-Q or capacitive reactive power loads) are added to a gener- 
ator, Vy and the terminal voltage will rise. 


A convenient way to compare the voltage behavior of two generators is by 
their voltage regulation. The voltage regulation (VR) of a generator is defined by 
the equation 
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Vu — Ya 
VR =—,,— x 100% (4-67) 
Va 
where V,, is the no-load voltage of the generator and V, is the full-load voltage of 
the generator. A synchronous generator operating at a lagging power factor has a 
fairly large positive voltage regulation, a synchronous generator operating at a 
unity power factor has a small positive voltage regulation, and a synchronous gen- 
erator operating at a leading power factor often has a negative voltage regulation. 

Normally, it is desirable to keep the voltage supplied to a load constant, even 
though the load itself varies. How can terminal voltage variations be corrected for? 
The obvious approach is to vary the magnitude of E, to compensate for changes in 
the load. Recall that £, = K@w. Since the frequency should not be changed in a 
normal system, E, must be controlled by varying the flux in the machine. 

For example, suppose that a lagging load is added to a generator. Then the 
terminal voltage will fall, as was previously shown. To restore it to its previous 
level, decrease the field resistor R,. If Ry decreases, the field current will increase. 
An increase in J, increases the flux, which in turn increases E,, and an increase in 
£, increases the phase and terminal voltage. This idea can be summarized as 
follows: 


1. Decreasing the field resistance in the generator increases its field current. 
2. An increase in the field current increases the flux in the machine. 

3. An increase in the flux increases the internal generated voltage E, = Kow. 
4. An increase in E, increases V, and the terminal voltage of the generator. 


The process can be reversed to decrease the terminal voltage. It is possible 
to regulate the terminal voltage of a generator throughout a series of load changes 
simply by adjusting the field current. 


Example Problems 


The following three problems illustrate simple calculations involving voltages, 
currents, and power flows in synchronous generators. The first problem is an ex- 
ample that includes the armature resistance in its calculations, while the next two 
ignore R,. Part of the first example problem addresses the question: How must a 
generator'’s field current be adjusted to keep V; constant as the load changes? On 
the other hand, part of the second example problem asks the question: /f the load 
changes and the field is left alone, what happens to the terminal voltage? You 
should compare the calculated behavior of the generators in these two problems 
to see if it agrees with the qualitative arguments of this section. Finally, the third 
example illustrates the use of a MATLAB program to derive the terminal charac- 
teristics of synchronous generator. 


Example 5-2. A480-V, 60-Hz, A-connected, four-pole synchronous generator has 
the OCC shown in Figure 5—23a. This generator has a synchronous reactance of 0.1 2 and 
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Open-circuit terminal voltage, V 


0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 
Field current, A 


(a) 


= 692.8 2 — 36.87° A 


I, 
(b) 


FIGURE 53-23 
(a) Open-circuit characteristic of the generator in Example 5—2. (b) Phasor diagram of the generator 
in Example 5-2. 


an armature resistance of 0.015 ©. At full load, the machine supplies 1200 A at 0.8 PF lag- 
ging. Under full-load conditions, the friction and windage losses are 40 kW, and the core 
losses are 30 kW. Ignore any field circuit losses. 
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(a) What is the speed of rotation of this generator? 

(&) How much field current must be supplied to the generator to make the terminal 
voltage 480 V at no load? 

(c) If the generator is now connected to a load and the load draws 1200 A at 0.8 PF 
lagging, how much field current will be required to keep the terminal voltage 
equal to 480 V? 

(d) How much power is the generator now supplying? How much power is supplied 
to the generator by the prime mover? What is this machine’s overall efficiency? 

(e) If the generator’s load were suddenly disconnected from the line, what would 
happen to its terminal voltage? 

(f) Finally, suppose that the generator is connected to a load drawing 1200 A at 0.8 
PF leading. How much field current would be required to keep Vz at 480 V? 


Solution 
This synchronous generator is A-connected, so its phase voltage is equal to its line voltage 
V, = Vz, while its phase current is related to its line current by the equation /; = v3ly : 


(a) The relationship between the electrical frequency produced by a synchronous 
generator and the mechanical rate of shaft rotation is given by Equation (4-34): 


_ Bn? 4-34 
Je= 720 ae 
Therefore, 
_ 120f, 
Than = P 
= 2 60 HZ) _ 1300 r/min 
poles 


(b) In this machine, Vz = V,. Since the generator is at no load, I, = O and Ey = V4. 
Therefore, V7 = V, = E, = 480 V, and from the open-circuit characteristic, 
Tp =4,5 A. 

(c) If the generator is supplying 1200 A, then the armature current in the machine is 


1, = OR = 602.8. 


The phasor diagram for this generator is shown in Figure 5—23b. If the terminal 
voltage is adjusted to be 480 V, the size of the internal generated voltage Ey is 
given by 
= 480 20° V + (0.015 1)(692.8 2 —36.87° A) + (j0.1 (692.8 2 —36.87° A) 
= 480 40° V + 10.39 4 —36.87° V + 69.28 253.13° V 


= 529.9 + 749.2 V = 532 25.3°V 
To keep the terminal voltage at 480 V, E, must be adjusted to 532 V. From Fig- 
ure 5-23, the required field current is 5.7 A. 


(a) The power that the generator is now supplying can be found from Equation 
(5-16): 


Pan = V3Vzrl,cos 6 (5-16) 
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= ¥3(480 V\(1200 A) cos 36.87° 
= 798 kW 


To determine the power input to the generator, use the power-flow diagram (Fig- 
ure 5-15). From the power-flow diagram, the mechanical input power is given by 


Po= he Fh Be i 5 zat xs 


in out elec loss core loss mech loss stray loss 
The stray losses were not specified here, so they will be ignored. In this genera- 
tor, the electrical losses are 
Pretec toss = BIER, 
= 3(692.8 A)*(0.015 Q) = 21.6kW 


The core losses are 30 kW, and the friction and windage losses are 40 kW, so the 
total input power to the generator is 


Pi, = 798 kW + 21.6kW + 30kW + 40kW = 889.6kW 
Therefore, the machine’s overall efficiency is 


798 kW 
889.6 kW 


(e) If the generator’s load were suddenly disconnected from the line, the current I, 
would drop to zero, making E, = V4. Since the field current has not changed, | E,| 
has not changed and V, and V; must rise to equal E,. Therefore, if the load were 
suddenly dropped, the terminal voltage of the generator would rise to 532 V. 

(f) If the generator were loaded down with 1200 A at 0.8 PF leading while the ter- 
minal voltage was 480 V, then the internal generated voltage would have to be 


E, = Vgt Rly + Xl 
= 480 20° V + (0.015 2)(692.8 236.87° A) + (j0.1 2692.8 236.87° A) 


= 480 20° V + 10.39 236.87° V + 69.28 4 126.87° V 
= 446.7 + j6l.7V = 451 27.1°V 


P 
n= P x 100% = x 100% = 89.75% 


Therefore, the internal generated voltage E, must be adjusted to provide 451 V if Vz 
is to remain 480 V. Using the open-circuit characteristic, the field current would 
have to be adjusted to 4.1 A. 


Which type of load (leading or lagging) needed a larger field current to 
maintain the rated voltage? Which type of load (leading or lagging) placed more 
thermal stress on the generator? Why? 


Example 5-3. A480-V, 50-Hz, Y-connected, six-pole synchronous genera- 
tor has a per-phase synchronous reactance of 1.0 2. Its full-load armature current is 
60 A at 0.8 PF lagging. This generator has friction and windage losses of 1.5 kW and 
core losses of 1.0 kW at 60 Hz at full load. Since the armature resistance is being ig- 
nored, assume that the /?R losses are negligible. The field current has been adjusted 
so that the terminal voltage is 480 V at no load. 


(a) What is the speed of rotation of this generator? 
(b) What is the terminal voltage of this generator if the following are true? 
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1. It is loaded with the rated current at 0.8 PF lagging. 
2. It is loaded with the rated current at 1.0 PF. 
3. It is loaded with the rated current at 0.8 PF leading. 

(c) What is the efficiency of this generator (ignoring the unknown electrical losses) 
when it is operating at the rated current and 0.8 PF lagging? 

(ad) How much shaft torque must be applied by the prime mover at full load? How 
large is the induced countertorque? 

(e) What is the voltage regulation of this generator at 0.8 PF lagging? At 1.0 PF? At 
0.8 PF leading? 


Solution 

This generator is Y-connected, so its phase voltage is given by Vz = V;/V3 . That means 
that when V; is adjusted to 480 V, V, = 277 V. The field current has been adjusted so that 
Vra = 480 V, so Vs = 277 V. At no load, the armature current is zero, so the armature re- 
action voltage and the /,R, drops are zero. Since I, = 0, the internal generated voltage 
E, = V, = 277 V. The internal generated voltage E,(= Kaw) varies only when the field 
current changes. Since the problem states that the field current is adjusted initially and then 
left alone, the magnitude of the internal generated voltage is E, = 277 V and will not 
change in this example. 


(a) The speed of rotation of a synchronous generator in revolutions per minute is 


given by Equation (4-34): 
Ny 
f ~ 130 (4-34) 

Therefore, 

— RO 

Nm = —p 
es ; 30 HZ) _ 1000 +/min 
poles 


Alternatively, the speed expressed in radians per second is 
®, = (1000 r/min)( Lin) (2mrad) 
= 104.7 rad/s 
(b) 1. If the generator is loaded down with rated current at 0.8 PF lagging, the re- 
sulting phasor diagram looks like the one shown in Figure 5—24a. In this 


phasor diagram, we know that V, is at an angle of 0°, that the magnitude of 
E, is 277 V, and that the quantity /Xz1, is 


IXsIq = j(1.0 2X60 Z —36.87° A) = 60 .253.13° V 


The two quantities not known on the voltage diagram are the magnitude of 
V4, and the angle 6 of E,. To find these values, the easiest approach is to con- 
struct a right triangle on the phasor diagram, as shown in the figure. From 
Figure 5—24a, the right triangle gives 


Therefore, the phase voltage at the rated load and 0.8 PF lagging is 
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FIGURE 5-24 


Generator phasor diagrams for Example 5-3. (a) Lagging power factor: (b) unity power factor; 
(c) leading power factor. 


(277 VY = [Vg + (1.0.9)(60 A) sin 36.87°]? + [(1.0 2)(60 A) cos 36.87°]? 
76,729 = (Vz + 36 + 2304 
74,425 = (V, + 36) 
272.8 = Vy, + 36 
V, = 236.8 V 
Since the generator is Y-connected, Vr = V3V, = 410 V. 
2. If the generator is loaded with the rated current at unity power factor, then 


the phasor diagram will look like Figure 5—24b. To find V, here the right tri- 
angle is 
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EX = V3 + (Xsh,P 
(277 VP = V3 + [(1.02)(60 ADP 
76,729 = V3 + 3600 
Vz = 73,129 
V, = 270.4 V 


Therefore, Vr = V3V, = 468.4 V. 

. When the generator is loaded with the rated current at 0.8 PF leading, the re- 
sulting phasor diagram is the one shown in Figure 5—24c. To find V4 in this 
situation, we construct the triangle OAB shown in the figure. The resulting 


equation is 


EX = (Vy — Xsl4)? + (Xl, cos 0)" 
Therefore, the phase voltage at the rated load and 0.8 PF leading is 


(277 V)* = [Vg — (1.0 2)(60 A) sin 36.87°]* + [(1.0 2)(60 A) cos 36.87°]* 


76,729 = (Vs — 36 + 2304 
74,425 = (Vs — 36) 
272.8 = V, — 36 
V, = 308.8 V 


Since the generator is Y-connected, V- = V3V, = 535 V. 
(c) The output power of this generator at 60 A and 0.8 PF lagging is 


Pow = 3Vy 1, cos 0 
= 3(236.8 V\(60 A)(0.8) = 34.1 kW 

The mechanical input power is given by 
Po= Poor P, oe EEO eee or! 


= 34.1kW +04 1.0kW + 1L5SkKW = 36.6kW 


lec loss ch loss 


The efficiency of the generator is thus 


34.1 kW 
36.6 kW 


P 
n= px 100% = x 100% = 93.2% 


(ad) The input torque to this generator is given by the equation 


so Tapp = = 725.7 rad/s Ee Nom 


m 
The induced countertorque is given by 
P conv — Tapp m 


Prooy _ 34.1 kW 
x Tind ~ wy 125.7 rad/s 


= 271.3Nem 


(e) The voltage regulation of a generator is defined as 
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Vial = Va 
VR = a 7a x 100% (4-67) 
fl 


By this definition, the voltage regulation for the lagging, unity, and leading 
power-factor cases are 


: : _ 480 V — 410 V _ 
1. Lagging case: VR = 410 V x 100% = 17.1% 
‘ : _ 480 V — 468 V = 
: : _ 480 V — 535 V oe 
3. Leading case: VR = 535V x 100% = —10.3% 


In Example 5-3, lagging loads resulted in a drop in terminal voltage, unity- 
power-factor loads caused little effect on V7, and leading loads resulted in an in- 
crease in terminal voltage. 


Example 5-4. Assume that the generator of Example 5—3 is operating at no load 
with a terminal voltage of 480 V. Plot the terminal characteristic (terminal voltage versus 
line current) of this generator as its armature current varies from no-load to full load at a 
power factor of (a) 0.8 lagging and (b) 0.8 leading. Assume that the field current remains 
constant at all times. 


Solution 
The terminal characteristic of a generator is a plot of its terminal voltage versus line cur- 
rent. Since this generator is Y-connected, its phase voltage is given by V, = V;/V3. If Vy 
is adjusted to 480 V at no-load conditions, then V, = E, = 277 V. Because the field current 
remains constant, E, will remain 277 V at all times. The output current /, from this gener- 
ator will be the same as its armature current J, because it is Y-connected. 


(a) If the generator is loaded with a 0.8 PF lagging current, the resulting phasor di- 
agram looks like the one shown in Figure 5—24a. In this phasor diagram, we 
know that Vj, is at an angle of 0°, that the magnitude of E, is 277 V, and that the 
quantity jXsI, stretches between Vy and E, as shown. The two quantities not 
known on the phasor diagram are the magnitude of Vy and the angle 6 of E,. To 
find Vy, the easiest approach is to construct a right triangle on the phasor dia- 
gram, as shown in the figure. From Figure 5—24a, the right triangle gives 


EX = (Vg + Xsl, sin 0)? + (Xsl, cos 0)? 
This equation can be used to solve for Vy as a function of the current J,: 
Vy = VEZ — (Xgl, cos 6)? — Xsf, sin 0 
Asimple MATLAB M.-file can be used to calculate V, (and hence Vz) as a func- 


tion of current. Such an M-file is shown below: 


M-file: term_char_a.m 
M-file to plot the terminal characteristics of the 
generator of Example 5-4 with an 0.8 PF lagging load. 


oP oP oP 


oe 


First, initialize the current amplitudes (21 values 
in the range 0-60 A) 
a = (0:1:20) * 3; 


H. 00 
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% Now initialize all other values 

v_phase = zeros(1,21); 

ea = 277.0; 

x_s = 1.0; 

theta = 36.87 * (pi/180); % Converted to radians 


% Now calculate v_phase for each current level 

for ii = 1:21 

v_phase(ii) = sqrt(e_a*2 - (x_s * i_a(ii) * cos(theta))%2) 
- (x_s * i_a(ii) * sin(theta)); 

end 


% Calculate terminal voltage from the phase voltage 
v_t = v_phase * sqrt(3); 


% Plot the terminal characteristic, remembering the 

% the line current is the same as i_a 

plot (i_a,v_t,'Color','k', 'Linewidth',2.0); 

Xlabel('Line Current (A)','Fontweight','Bold'); 

ylabel('Terminal Voltage (v)','Fontweight','Bold'); 

title ('Terminal Characteristic for 0.8 PF lagging load', 
'Fontweight','Bold'); 

grid on; 

axis([0 60 400 550]); 


The plot resulting when this M-file is executed is shown in Figure 5—25a. 
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(6) If the generator is loaded with a 0.8 PF leading current, the resulting phasor di- 
agram looks like the one shown in Figure 5—24c. To find V,, the easiest ap- 
proach is to construct a right triangle on the phasor diagram, as shown in the fig- 


ure. From Figure 5—24c, the right triangle gives 
Ei = (V4 — Xsl, sin 6)? + (Xsl, cos 6)? 
This equation can be used to solve for V, as a function of the current /,: 


Vs = VE? — (Xgl, cos OY + Xl, sin @ 


This equation can be used to calculate and plot the terminal characteristic in a 
manner similar to that in part a above. The resulting terminal characteristic is 


shown in Figure 5—25b. 


5.9 PARALLEL OPERATION OF 
AC GENERATORS 


In today’s world, an isolated synchronous generator supplying its own load inde- 
pendently of other generators is very rare. Such a situation is found in only a few 
out-of-the-way applications such as emergency generators. For all usual genera- 
tor applications, there is more than one generator operating in parallel to supply 
the power demanded by the loads. An extreme example of this situation is the U.S. 
power grid, in which literally thousands of generators share the load on the 


system. 
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FIGURE 5-25 


(a) Terminal characteristic for the generator of Example S—4 when loaded with an 0.8 PF lagging 
load. (b) Terminal characteristic for the generator when loaded with an 0.8 PF leading load. 


Why are synchronous generators operated in parallel? There are several ma- 
jor advantages to such operation: 


1. Several generators can supply a bigger load than one machine by itself. 
2. Having many generators increases the reliability of the power system, since 
the failure of any one of them does not cause a total power loss to the load. 


3. Having many generators operating in parallel allows one or more of them to 
be removed for shutdown and preventive maintenance. 
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Generator 2 


FIGURE 5-26 
A generator being paralleled with a running power system. 


4. If only one generator is used and it is not operating at near full load, then it 
will be relatively inefficient. With several smaller machines in parallel, it is 
possible to operate only a fraction of them. The ones that do operate are op- 
erating near full load and thus more efficiently. 


This section explores the requirements for paralleling ac generators, and 
then looks at the behavior of synchronous generators operated in parallel. 


The Conditions Required for Paralleling 


Figure 5—26 shows a synchronous generator G, supplying power to a load, with 
another generator G, about to be paralleled with G, by closing the switch S,. What 
conditions must be met before the switch can be closed and the two generators 
connected? 

If the switch is closed arbitrarily at some moment, the generators are liable 
to be severely damaged, and the load may lose power. If the voltages are not ex- 
actly the same in each conductor being tied together, there will be a very large cur- 
rent flow when the switch is closed. To avoid this problem, each of the three 
phases must have exactly the same voltage magnitude and phase angle as the con- 
ductor to which it is connected. In other words, the voltage in phase a must be ex- 
actly the same as the voltage in phase a’, and so forth for phases b-b’ and c-c’. To 
achieve this match, the following paralleling conditions must be met: 


1. The rms dine voltages of the two generators must be equal. 
2. The two generators must have the same phase sequence. 
3. The phase angles of the two a phases must be equal. 


4. The frequency of the new generator, called the oncoming generator, must be 
slightly higher than the frequency of the running system. 


These paralleling conditions require some explanation. Condition 1 is obvi- 
ous—in order for two sets of voltages to be identical, they must of course have the 
same rms magnitude of voltage. The voltage in phases a and a’ will be completely 
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FIGURE 5-27 
(a) The two possible phase sequences of a three-phase system. (b) The three-light-bulb method for 
checking phase sequence. 


identical at all times if both their magnitudes and their angles are the same, which 
explains condition 3. 

Condition 2 ensures that the sequence in which the phase voltages peak in 
the two generators is the same. If the phase sequence is different (as shown in Fig- 
ure 5—27a), then even though one pair of voltages (the @ phases) are in phase, the 
other two pairs of voltages are 120° out of phase. If the generators were connected 
in this manner, there would be no problem with phase a, but huge currents would 
flow in phases 6 and c, damaging both machines. To correct a phase sequence 
problem, simply swap the connections on any two of the three phases on one of 
the machines. 

If the frequencies of the generators are not very nearly equal when they are 
connected together, large power transients will occur until the generators stabilize 
at a common frequency. The frequencies of the two machines must be very nearly 
equal, but they cannot be exactly equal. They must differ by a small amount so 
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that the phase angles of the oncoming machine will change slowly with respect to 
the phase angles of the running system. In that way, the angles between the volt- 
ages can be observed and switch S, can be closed when the systems are exactly in 
phase. 


The General Procedure for Paralleling Generators 


Suppose that generator G, is to be connected to the running system shown in Fig- 
ure 5-27. The following steps should be taken to accomplish the paralleling. 

First, using voltmeters, the field current of the oncoming generator should be 
adjusted until its terminal voltage is equal to the line voltage of the running system. 

Second, the phase sequence of the oncoming generator must be compared to 
the phase sequence of the running system. The phase sequence can be checked in 
a number of different ways. One way is to alternately connect a small induction 
motor to the terminals of each of the two generators. If the motor rotates in the 
same direction each time, then the phase sequence is the same for both generators. 
If the motor rotates in opposite directions, then the phase sequences differ, and 
two of the conductors on the incoming generator must be reversed. 

Another way to check the phase sequence is the three-light-bulb method. In 
this approach, three light bulbs are stretched across the open terminals of the 
switch connecting the generator to the system as shown in Figure 5-27b. As the 
phase changes between the two systems, the light bulbs first get bright (large 
phase difference) and then get dim (small phase difference). If all three bulbs get 
bright and dark together, then the systems have the same phase sequence. If the 
bulbs brighten in succession, then the systems have the opposite phase sequence, 
and one of the sequences must be reversed. 

Next, the frequency of the oncoming generator is adjusted to be slightly 
higher than the frequency of the running system. This is done first by watching a 
frequency meter until the frequencies are close and then by observing changes in 
phase between the systems. The oncoming generator is adjusted to a slightly 
higher frequency so that when it is connected, it will come on the line supplying 
power as a generator, instead of consuming it as a motor would (this point will be 
explained later). 

Once the frequencies are very nearly equal, the voltages in the two systems 
will change phase with respect to each other very slowly. The phase changes are 
observed, and when the phase angles are equal, the switch connecting the two sys- 
tems together is shut. 

How can one tell when the two systems are finally in phase? A simple way 
is to watch the three light bulbs described above in connection with the discussion 
of phase sequence. When the three light bulbs all go out, the voltage difference 
across them is zero and the systems are in phase. This simple scheme works, but 
it is not very accurate. A better approach is to employ a synchroscope. A synchro- 
scope is a meter that measures the difference in phase angle between the a phases 
of the two systems. The face of a synchroscope is shown in Figure 5-28. The dial 
shows the phase difference between the two a phases, with 0 (meaning in phase) 
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FIGURE 5-28 
Asynchrosoope. 


at the top and 180° at the bottom. Since the frequencies of the two systems are 
slightly different, the phase angle on the meter changes slowly. If the oncoming 
generator or system is faster than the running system (the desired situation), then 
the phase angle advances and the synchroscope needle rotates clockwise. If the 
oncoming machine is slower, the needle rotates counterclockwise. When the syn- 
chroscope needle is in the vertical position, the voltages are in phase, and the 
switch can be shut to connect the systems. 

Notice, though, that a synchroscope checks the relationships on only one 
Phase. It gives no information about phase sequence. 

In large generators belonging to power systems, this whole process of par- 
alleling a new generator to the line is automated, and a computer does this job. For 
smaller generators, though, the operator manually goes through the paralleling 
steps just described. 


Frequency—Power and Voltage—Reactive Power 
Characteristics of a Synchronous Generator 


All generators are driven by a prime mover, which is the generator’s source of 
mechanical power. The most common type of prime mover is a steam turbine, but 
other types include diesel engines, gas turbines, water turbines, and even wind 
turbines. 

Regardless of the original power source, all prime movers tend to behave in 
a similar fashion—as the power drawn from them increases, the speed at which 
they turn decreases. The decrease in speed is in general nonlinear, but some form 
of governor mechanism is usually included to make the decrease in speed linear 
with an increase in power demand. 

Whatever governor mechanism is present on a prime mover, it will always 
be adjusted to provide a slight drooping characteristic with increasing load. The 
speed droop (SD) of a prime mover is defined by the equation 


i S| 
SD = ——— x 100% (5-27) 
My 
where #,, is the no-load prime-mover speed and ng is the full-load prime-mover 
speed. Most generator prime movers have a speed droop of 2 to 4 percent, as de- 
fined in Equation (5-27). In addition, most governors have some type of set point 
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FIGURE 5-29 
(a) The speed-versus-power curve 
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adjustment to allow the no-load speed of the turbine to be varied. A typical speed- 
versus-power plot is shown in Figure 5-29. 

Since the shaft speed is related to the resulting electrical frequency by Equa- 
tion (4-34), 


= (4-34) 


the power output of a synchronous generator is related to its frequency. An exam- 
ple plot of frequency versus power is shown in Figure 5—-29b. Frequency-power 
characteristics of this sort play an essential role in the parallel operation of syn- 
chronous generators. 

The relationship between frequency and power can be described quantita- 


tively by the equation 
P= Spl fa = Says) (5-28) 


where P= power output of the generator 
Ju = no-load frequency of the generator 
Jiys = Operating frequency of system 
Sp = slope of curve, in KW/Hz or MW/Hz 


A similar relationship can be derived for the reactive power Q@ and terminal 
voltage V;. As previously seen, when a lagging load is added to a synchronous 
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The curve of terminal voltage (V;) versus reactive power (Q) for a synchronous generator. 


generator, ils terminal voltage drops. Likewise, when a leading load is added toa 
synchronous generator, its terminal voltage increases. It is possible to make a plot 
of terminal voltage versus reactive power, and such a plot has a drooping charac- 
teristic like the one shown in Figure 5-30. This characteristic 1s not intrinsically 
linear, but many generator voltage regulators include a feature to make it so. The 
characteristic curve can be moved up and down by changing the no-load terminal 
voltage set point on the voltage regulator. As with the frequency-power character- 
istic, this curve plays an important role in the parallel operation of synchronous 
generators. 

The relationship between the terminal voltage and reactive power can be 
expressed by an equation similar to the frequency—power relationship [Equation 
(5-28)] if the voltage regulator produces an output that is linear with changes in 
reactive power. 

It is important to realize that when a single generator is operating alone, the 
real power P and reactive power Q supplied by the generator will be the amount 
demanded by the load attached to the generator—the P and Q supplied cannot be 
controlled by the generator’s controls. Therefore, for any given real power, the 
governor set points control the generator’s operating frequency f, and for any given 
reactive power, the field current controls the generator’s terminal voltage V7. 


Example 5-5. Figure 5—31 shows a generator supplying a load. A second load 1s to 
be connected in parallel with the first one. The generator has a no-load frequency of 61.0 
Hz and a slope sp of 1 MW/Hz. Load | consumes a real power of 1000 kW at 0.8 PF lag- 
ging, while load 2 consumes a real power of 800 kW at 0.707 PF lagging. 


(a) Before the switch is closed, what is the operating frequency of the system? 

(b) After load 2 is connected, what is the operating frequency of the system? 

(c) After load 2 is connected, what action could an operator take to restore the sys- 
tem frequency to 60 Hz? 
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FIGURE 5-31 
The power system in Example 5-5. 


Solution 
This problem states that the slope of the generator’s characteristic is 1 MW/Hz and that its 
no-load frequency is 61 Hz. Therefore, the power produced by the generator is given by 


= Spl Sa — Feys) (5-28) 


P 
80 Teds =Sa bee, 


Sp 


(a) The initial system frequency is given by 


P 
Feys = fu — Sp 


_ _ 1000 kW _ = = 
= 61 Hz 1 MW/Hz 61 Hz — 1 Hz = 60 Hz 
(b) After load 2 is connected, 
a eee 
Seve fu Sp 
= 61 Hz — LOOKW _ 61 ne — 1.82 = 599.2 He 


1 MW/Hz 


(c) After the load is connected, the system frequency falls to 59.2 Hz. To restore the 
system to its proper operating frequency, the operator should increase the gov- 
ernor no-load set points by 0.8 Hz, to 61.8 Hz. This action will restore the sys- 
tem frequency to 60 Hz. 


To summarize, when a generator is operating by itself supplying the system 
loads, then 


1. The real and reactive power supplied by the generator will be the amount de- 
manded by the attached load. 

2. The governor set points of the generator will control the operating frequency 
of the power system. 
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Curves for an infinite bus: (a) frequency versus power and (b) terminal voltage versus reactive power. 


3. The field current (or the field regulator set points) control the terminal volt- 
age of the power system. 


This is the situation found in isolated generators in remote field environments. 


Operation of Generators in Parallel with Large 
Power Systems 


When a synchronous generator is connected to a power system, the power system 
is often so large that nothing the operator of the generator does will have much of 
an effect on the power system. An example of this situation is the connection ofa 
single generator to the U.S. power grid. The U.S. power grid is so large that no 
reasonable action on the part of the one generator can cause an observable change 
in overall grid frequency. 

This idea is idealized in the concept of an infinite bus. An infinite bus is a 
power system so large that its voltage and frequency do not vary regardless of 
how much real and reactive power is drawn from or supplied to it. The power— 
frequency characteristic of such a system is shown in Figure 5-32a, and the reac- 
tive power—voltage characteristic is shown in Figure 5-32b. 

To understand the behavior of a generator connected to such a large system, 
examine a system consisting of a generator and an infinite bus in parallel supply- 
ing a load. Assume that the generator’s prime mover has a governor mechanism, 
but that the field is controlled manually by a resistor. It is easier to explain gener- 
ator operation without considering an automatic field current regulator, so this dis- 
cussion will ignore the slight differences caused by the field regulator when one 
is present. Such a system is shown in Figure 5—33a. 

When a generator is connected in parallel with another generator or a large 
system, the frequency and terminal voltage of all the machines must be the same, 
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FIGURE 5-33 
(a) A synchronous generator operating in parallel with an infinite bus. (b) The frequency-versus- 
power diagram (or house diagram) for a synchronous generator in parallel with an infinite bus. 


since their output conductors are tied together. Therefore, their real power— 
frequency and reactive power—voltage characteristics can be plotted back to back, 
with a common vertical axis. Such a sketch, sometimes informally called a house 
diagram, is shown in Figure 5—33b. 

Assume that the generator has just been paralleled with the infinite bus ac- 
cording to the procedure described previously. Then the generator will be essen- 
tially “floating” on the line, supplying a smal] amount of real power and little or 
no reactive power. This situation is shown in Figure 5-34. 

Suppose the generator had been paralleled to the line but, instead of being at 
a slightly higher frequency than the running system, it was at a slightly lower fre- 
quency. In this case, when paralleling is completed, the resulting situation is shown 
in Figure 5-35. Notice that here the no-load frequency of the generator is less than 
the system’s operating frequency. At this frequency, the power supplied by the gen- 
erator is actually negative. In other words, when the generator’s no-load frequency 
is less than the system’s operating frequency, the generator actually consumes elec- 
tric power and runs as a motor. It is to ensure that a generator comes on line sup- 
plying power instead of consuming it that the oncoming machine’s trequency is ad- 
justed higher than the running system’s frequency. Many real generators have a 
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FIGURE 5-34 
The frequency-versus-power diagram at the moment just after paralleling. 


f.. Hz 


P G* 0 
(consuming) 


FIGURE 5-35 
The frequency-versus-power diagram if the no-load frequency of the generator were slightly less 
than system frequency before paralleling. 


reverse-power trip connected to them, so it is imperative that they be paralleled 
with their frequency higher than that of the running system. If such a generator 
ever starts to consume power, it will be automatically disconnected from the line. 

Once the generator has been connected, what happens when its governor set 
points are increased? The effect of this increase is to shift the no-load frequency 
of the generator upward. Since the frequency of the system is unchanged (the fre- 
quency of an infinite bus cannot change), the power supplied by the generator in- 
creases. This is shown by the house diagram in Figure 5—36a and by the phasor di- 
agram in Figure 5—36b. Notice in the phasor diagram that E, sin 8 (which is 
proportional to the power supplied as long as Vz is constant) has increased, while 
the magnitude of E, (= Kew) remains constant, since both the field current J, and 
the speed of rotation w are unchanged. As the governor set points are further in- 
creased, the no-load frequency increases and the power supplied by the generator 
increases. As the power output increases, £, remains at constant magnitude while 
E, sin 8 is further increased. 
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FIGURE 5-36 
The effect of increasing the governor’s set points on (a) the house diagram; (b) the phasor diagram. 


What happens in this system if the power output of the generator is in- 
creased until it exceeds the power consumed by the load? If this occurs, the extra 
power generated flows back into the infinite bus. The infinite bus, by definition, 
can supply or consume any amount of power without a change in frequency, so 
the extra power is consumed. 

After the real power of the generator has been adjusted to the desired value, 
the phasor diagram of the generator looks like Figure 5-36b. Notice that at this 
time the generator is actually operating at a slightly leading power factor, supply- 
ing negative reactive power. Alternatively, the generator can be said to be con- 
suming reactive power. How can the generator be adjusted so that it will supply 
some reactive power Q to the system? This can be done by adjusting the field cur- 
rent of the machine. To understand why this is true, it is necessary to consider the 
constraints on the generator’s operation under these circumstances. 

The first constraint on the generator is that the power must remain constant 
when /; is changed. The power into a generator is given by the equation P,, = 
Tind@m- Now, the prime mover of a synchronous generator has a fixed torque—speed 
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FIGURE 5-37 
The effect of increasing the generator’s field current on the phasor diagram of the machine. 


characteristic for any given governor setting. This curve changes only when the 
governor set points are changed. Since the generator is tied to an infinite bus, its 
speed cannot change. If the generator’s speed does not change and the governor 
set points have not been changed, the power supplied by the generator must re- 
main constant. 

If the power supplied is constant as the field current is changed, then the 
distances proportional to the power in the phasor diagram (J, cos @ and E, sin 8) 
cannot change. When the field current is increased, the flux @ increases, and 
therefore E, (= K@Tw) increases. If E, increases, but E, sin 6 must remain con- 
stant, then the phasor E, must “slide” along the line of constant power, as shown 
in Figure 5-37. Since Vy is constant, the angle of jXsI, changes as shown, and 
therefore the angle and magnitude of I, change. Notice that as a result the distance 
proportional to @ (J, sin @) increases. In other words, increasing the field current 
in a synchronous generator operating in parallel with an infinite bus increases the 
reactive power output of the generator. 

To summarize, when a generator is operating in parallel with an infinite bus: 


1. The frequency and terminal voltage of the generator are controlled by the sys- 
tem to which it is connected. 


2. The governor set points of the generator control the real power supplied by 
the generator to the system. 

3. The field current in the generator controls the reactive power supplied by the 
generator to the system. 


This situation is much the way real generators operate when connected to a very 
large power system. 


Operation of Generators in Parallel with Other 
Generators of the Same Size 


When a single generator operated alone, the real and reactive powers (P and Q) 
supplied by the generator were fixed, constrained to be equal to the power de- 
manded by the load, and the frequency and terminal voltage were varied by the 
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governor set points and the field current. When a generator operated in parallel 
with an infinite bus, the frequency and terminal voltage were constrained to be 
constant by the infinite bus, and the real and reactive powers were varied by the 
governor set points and the field current. What happens when a synchronous gen- 
erator is connected in parallel not with an infinite bus, but rather with another gen- 
erator of the same size? What will be the effect of changing governor set points 
and field currents? 

If a generator is connected in parallel with another one of the same size, the 
resulting system is as shown in Figure 5—38a. In this system, the basic constraint 
is that the sum of the real and reactive powers supplied by the two generators 
must equal the P and Q demanded by the load. The system frequency is not con- 
strained to be constant, and neither is the power of a given generator constrained 
to be constant. The power-frequency diagram for such a system immediately after 
G, has been paralleled to the line is shown in Figure 5—38b. Here, the total power 
Pi (which is equal to P,,,4) is given by 


Pro = Prosa = Par + Poa (5-29) 
and the total reactive power is given by 


Oro = Qhona = Qari + Ger (S—29b) 


What happens if the governor set points of G, are increased’? When the gov- 
ernor set points of G, are increased, the power-frequency curve of G, shifts up- 
ward, as shown in Figure 5—38c. Remember, the total power supplied to the load 
must not change. At the original frequency f|, the power supplied by G, and G, 
will now be larger than the load demand, so the system cannot continue to oper- 
ate at the same frequency as before. In fact, there is only one frequency at which 
the sum of the powers out of the two generators is equal to P,,,4. That frequency f, 
is higher than the original system operating frequency. Al that frequency, G, sup- 
plies more power than before, and G, supplies less power than before. 

Therefore, when two generators are operating together, an increase in gov- 
ernor set points on one of them 


1. Increases the system frequency. 


2. Increases the power supplied by that generator, while reducing the power 
supplied by the other one. 


What happens if the field current of G, is increased? The resulting behavior 
is analogous to the real-power situation and is shown in Figure 5—38d. When two 
generators are operating together and the field current of G, is increased, 


1. The system terminal voltage is increased. 


2. The reactive power Q supplied by that generator is increased, while the re- 
active power supplied by the other generator is decreased. 
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(a) A generator connected in parallel with another 

machine of the same size. (b) The corresponding house 

diagram at the moment generator 2 is paralleled with the 

system. (c) The effect of increasing generator 2’s 

governor set points on the operation of the system. 

(d) The effect of increasing generator 2’s field current 
314 on the operation of the system. 
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FIGURE $§-39 
The house diagram for the system in Example 5-5. 


If the slopes and no-load frequencies of the generator’s speed droop 
(frequency—power) curves are known, then the powers supplied by each generator 
and the resulting system frequency can be determined quantitatively. Example 
5-6 shows how this can be done. 


Example 5-6. Figure 5—38a shows two generators supplying a load. Generator 1 
has a no-load frequency of 61.5 Hz and a slope sp, of 1 MW/Hz. Generator 2 has a no-load 
frequency of 61.0 Hz and a slope sp, of 1 MW/Hz. The two generators are supplying a real 
load totaling 2.5 MW at 0.8 PF lagging. The resulting system power-frequency or house 
diagram is shown in Figure 5-39. 


(a) At what frequency is this system operating, and how much power is supplied by 
each of the two generators? 

(b) Suppose an additional 1-MW load were attached to this power system. What 
would the new system frequency be, and how much power would G, and G, 
supply now? 

(c) With the system in the configuration described in part b, what will the system 
frequency and generator powers be if the governor set points on G, are in- 
creased by 0.5 Hz? 


Solution 

The power produced by a synchronous generator with a given slope and no-load frequency 
is given by Equation (5-28): 

Py = Spi(faus — Srys) 

Py = Sp fu2 — Seys) 
Since the total power supplied by the generators must equal the power consumed by the 
loads, 

Proaa = Py + Po 


These equations can be used to answer all the questions asked. 
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(a) In the first case, both generators have a slope of 1 MW/Hz, and G, has a no-load 
frequency of 61.5 Hz, while G, has a no-load frequency of 61.0 Hz. The total 
load is 2.5 MW. Therefore, the system frequency can be found as follows: 

Proag = Py + Po 
= Spi(Sar — ys) + Spo Sai2 — Sys) 
2.5 MW = (1 MW/Hz)(61.5 Hz — f,,.) + (1 MW/Hz)(61 Hz — f,,.) 
= 61.5 MW — (IMW/Hz)f,, + 61 MW — (1 MW/z)f,,, 
= 122.5 MW — (2 MW/Hz)f,. 


— 122.5 MW — 2.5 MW 


(QMW/Hz) ~~ -08-0Hz 


therefore tors 


The resulting powers supplied by the two generators are 


P, = Spa — Says) 

= (1 MW/Hz)(61.5 Hz — 60.0 Hz) = 1.5 MW 
P, = Spl Suz — Sys) 

= (1 MW/Hz)(61.0 Hz — 60.0 Hz) = 1 MW 


(&) When the load is increased by 1 MW, the total load becomes 3.5 MW. The new 
system frequency is now given by 
Proad = Spi(fur ~ Seys? + Spo Sue — fs) 
3.5 MW = (1 MW/Hz)(61.5 Hz — f,.) + (| MW/Hz\(6l Hz — f,,) 
= 61.5 MW — (I MW/Hz)f,,, + 61 MW — (1 MW/Hz)f,,. 
= 122.5 MW — (2 MW/H2)f,, 


_ 122.5 MW — 3.5MW 


therefore | (MW/Hz) = 59.5 Hz 


The resulting powers are 
Py = Sp faa — Says) 
= (1 MW/Hz)(61.5 Hz — 59.5 Hz) = 2.0 MW 
P. = Spol fu2 — Seys) 
= (1 MW/Hz)\(61.0 Hz — 59.5 Hz) = 1.5MW 


(c) If the no-load governor set points of G, are increased by 0.5 Hz, the new system 
frequency becomes 


Prood = Spiari — Seys) + Spo fat,2 — Sys) 
3,5 MW = (1 MW/Hz)(61.5 Hz — f,,) + (I MW/Hz)(61.5 Hz — f,,) 
= 123 MW — (2 MW/Hz)f,,. 


j,, = BBMW = 3.5 MW 
5 (2MW/Hz) 


The resulting powers are 


Py = Py = Spifaa — Sys) 
= (1 MW/Hz)(61.5 Hz — 59.75 Hz) = 1.75 MW 


= 59.75 Hz 
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Notice that the system frequency rose, the power supplied by G, rose, and the power 
supplied by G, fell. 


When two generators of similar size are operating in parallel, a change in 
the governor set points of one of them changes both the system frequency and the 
power sharing between them. It would normally be desired to adjust only one of 
these quantities at a time. How can the power sharing of the power system be ad- 
justed independently of the system frequency, and vice versa? 

The answer is very simple. An increase in governor set points on one gen- 
erator increases that machine’s power and increases system frequency. A decrease 
in governor set points on the other generator decreases that machine’s power and 
decreases the system frequency. Therefore, to adjust power sharing without 
changing the system frequency, increase the governor set points of one generator 
and simultaneously decrease the governor Set points of the other generator (see 
Figure 5—40a). Similarly, to adjust the system frequency without changing the 
power sharing, simultaneously increase or decrease both governor set points (see 
Figure 5—40b). 

Reactive power and terminal voltage adjustments work in an analogous 
fashion. To shift the reactive power sharing without changing Vj, simultaneously 
increase the field current on one generator and decrease the field current on the 
other (see Figure 5—-40c). To change the terminal voltage without affecting the re- 
aclive power sharing, simultaneously increase or decrease both field currents (see 
Figure 5—40d). 

To summarize, in the case of two generators operating together: 


1. The system is constrained in that the total power supplied by the two genera- 
tors together must equal the amount consumed by the load. Neither f,,, nor V; 
is constrained to be constant. 


2. To adjust the real power sharing between generators without changing f,,. 
simultaneously increase the governor set points on one generator while de- 
creasing the governor set points on the other. The machine whose governor 
set point was increased will assume more of the load. 


3. To adjust f,, without changing the real power sharing, simultaneously in- 
crease or decrease both generators’ governor set points. 


4. To adjust the reactive power sharing between generators without changing 
V;, simultaneously increase the field current on one generator while decreas- 
ing the field current on the other. The machine whose field current was in- 
creased will assume more of the reactive load. 


5. To adjust V; without changing the reactive power sharing, simultaneously in- 
crease or decrease both generators’ field currents. 


It is very important that any synchronous generator intended to operate in par- 
allel with other machines have a drooping frequency—power characteristic. If two 
generators have flat or nearly flat characteristics, then the power sharing between 


Generator | 


| 
= constant 


kW Po OP P,P kW 


(b) 


Vr 


Generator 1 Generator 2 


I 
V;= constant 


kVAR QQ 0, kVAR 
(c) 
Vr 
Generator | Generator 2 


kVAR 2; ?> kVAR 


FIGURE 5+40 


(a) Shifting power sharing without affecting system frequency. (b) Shifting system frequency 
without affecting power sharing. (c) Shifting reactive power sharing without affecting terminal 
voltage. (d) Shifting terminal voltage without affecting reactive power sharing. 
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FIGURE 3-41 
Two synchronous generators with flat frequency—power characteristics. A very tiny change in the no- 
load frequency of either of these machines could cause huge shifts in the power sharing. 


them can vary widely with only the tiniest changes in no-load speed. This problem 
is illustrated by Figure 5-41. Notice that even very tiny changes in f,, in one of the 
generators would cause wild shifts in power sharing. To ensure good control of 
power sharing between generators, they should have speed droops in the range 
of 2 to 5 percent. 


5.10 SYNCHRONOUS 
GENERATOR TRANSIENTS 


When the shaft torque applied to a generator or the output load on a generator 
changes suddenly, there is always a transient lasting for a finite period of time be- 
fore the generator returns to steady state. For example, when a synchronous gen- 
erator is paralleled with a running power system, it is initially turning faster and 
has a higher frequency than the power system does. Once it is paralleled, there is 
a transient period before the generator steadies down on the line and runs at line 
frequency while supplying a small amount of power to the load. 

To illustrate this situation, refer to Figure 5-42. Figure 5-42a shows the 
magnetic fields and the phasor diagram of the generator at the moment just before 
it is paralleled with the power system. Here, the oncoming generator is supplying 
no load, its stator current is zero, E, = V4, and Bz = Bye. 

At exactly lime f = 0, the switch connecting the generator to the power sys- 
tem is shul, causing a stator current to flow. Since the generator’s rotor is still 
turning faster than the system speed, it continues to move out ahead of the sys- 
tem’s voltage Vy. The induced torque on the shaft of the generator is given by 


Ting kB, x Buet (4-600) 


The direction of this torque is opposite to the direction of motion, and it increases as 
the phase angle between B, and B,,, (or E, and V, ) increases. This torque opposite 
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Ting = k Br x Bret 
Tina is clockwise 


FIGURE 5-42 

(a) The phasor diagram and magnetic fields of a generator at the moment of paralleling with a large 
power system. (b) The phasor diagram and house diagram shortly after a. Here, the rotor has moved 
on ahead of the net magnetic fields. producing a clockwise torque. This torque is slowing the rotor 
down to the synchronous speed of the power system. 


the direction of motion slows down the generator until it finally turns at synchronous 
speed with the rest of the power system. 

Similarly, if the generator were turning at a speed /ower than synchronous 
speed when it was paralleled with the power system, then the rotor would fall be- 
hind the net magnetic fields, and an induced torque in the direction of motion 
would be induced on the shaft of the machine. This torque would speed up the 
rotor until it again began turning at synchronous speed. 


Transient Stability of Synchronous Generators 


We learned earlier that the static stability limit of a synchronous generator is the 
maximum power that the generator can supply under any circumstances. The 
maximum power that the generator can supply is given by Equation (5-21): 


3V,E, 


Prax = YX, (5-21) 


and the corresponding maximum torque is 


3V,E 
— _ UA 
Tmax = aX, O30) 


In theory, a generator should be able to supply up to this amount of power and 
torque before becoming unstable. In practice, however, the maximum load that 
can be supplied by the generator is limited to a much lower level by its dynamic 
stability limit. 

To understand the reason for this limitation, consider the generator in Figure 
5—42 again. If the torque applied by the prime mover (7,,,) is suddenly increased, 
the shaft of the generator will begin to speed up, and the torque angle 6 will increase 
as described. As the angle 6 increases, the induced torque 7,4 of the generator will 
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T instantaneous? % of max 


FIGURE 5-43 


The dynamic response when an applied torque equal to 50% of r,,,, is suddenly added toa 
synchronous generator. 


increase until an angle 6 is reached at which 7igq is equal and opposite to 7,,,. This is 
the steady-state operating point of the generator with the new load. However, the ro- 
tor of the generator has a great deal of inertia, so its torque angle 5 actually over- 
shoots the steady-state position, and gradually settles out in a damped oscillation, as 
shown in Figure 5-43. The exact shape of this damped oscillation can be determined 
by solving a nonlinear differential equation, which is beyond the scope of this book. 
For more information, see Reference 4, p. 345. 

The important point about Figure 5—43 is that ifat any point in the transient 
response the instantaneous torque exceeds T,.,,,, the synchronous generator will be 
unstable. The size of the oscillations depends on how suddenly the additional 
torque is applied to the synchronous generator. If it is added very gradually, the 
machine should be able to almost reach the static stability limit. On the other 
hand, if the load is added sharply, the machine will be stable only up to a much 
lower limit, which is very complicated to calculate. For very abrupt changes in 


torque or load, the dynamic stability limit may be less than half of the static sta- 
bility limit. 


Short-Circuit Transients 
in Synchronous Generators 


By far the severest transient condition that can occur in a synchronous generator 
is the situation where the three terminals of the generator are suddenly shorted 
out. Such a short on a power system is called a fault. There are several compo- 
nents of current present in a shorted synchronous generator, which will be de- 
scribed below. The same effects occur in less severe transients like load changes, 
but they are much more obvious in the extreme case of a short circuit. 


322 ELECTRIC MACHINERY FUNDAMENTALS 


Current 


Current 


FIGURE 5-44 
The total fault currents as a function of time during a three-phase fault at the terminals of a 
synchronous generator. 


When a fault occurs on a synchronous generator, the resulting current flow 
in the phases of the generator can appear as shown in Figure 5-44. The current in 
each phase shown in Figure 5—42 can be represented as a dc transient component 
added on top of a symmetrical ac component. The symmetrical ac component by 
itself is shown in Figure 5-45. 

Before the fault, only ac voltages and currents were present within the gen- 
erator, while after the fault, both ac and de currents are present. Where did the 
de currents come from? Remember that the synchronous generator is basically 
inductive—it is modeled by an internal generated voltage in series with the syn- 
chronous reactance. Also, recall that @ current cannot change instantaneously in 
an inductor. When the fault occurs, the ac component of current jumps to a very 


an 
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FIGURE 5-45 
The symmetric ac component of the fault current. 


large value, but the total current cannot change at that instant. The dc component 
of current is just large enough that the sum of the ac and dc components just after 
the fault equals the ac current flowing just before the fault. Since the instanta- 
neous values of current at the moment of the fault are different in each phase, the 
magnitude of the dc component of current will be different in each phase. 

These dc components of current decay fairly quickly, but they initially av- 
erage about 50 or 60 percent of the ac current flow the instant after the fault 
occurs. The total initial current is therefore typically 1.5 or 1.6 times the ac com- 
ponent taken alone. 

The ac symmetrical component of current is shown in Figure 5—45. It can be 
divided into roughly three periods. During the first cycle or so after the fault oc- 
curs, the ac current is very large and falls very rapidly. This period of time is 
called the subtransient period. After it is over, the current continues to fall at a 
slower rate, until at last it reaches a steady state. The period of time during which 
it falls at a slower rate is called the transient period, and the time after it reaches 
steady state is known as the steady-state period. 

If the rms magnitude of the ac component of current is plotted as a function 
of time on a semilogarithmic scale, it is possible to observe the three periods of 
fault current. Such a plot is shown in Figure 5—46. It is possible to determine the 
time constants of the decays in each period from such a plot. 

The ac rms current flowing in the generator during the subtransient period 
is called the subtransient current and is denoted by the symbol J”. This current is 
caused by the damper windings on synchronous generators (see Chapter 6 for a 
discussion of damper windings). The time constant of the subtransient current is 
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FIGURE 5-46 


A semilogarithmic plot of the magnitude of the ac component of fault current as a function of time. 
The subtransient and transient time constants of the generator can be determined from such a plot. 


given the symbol 7”, and it can be determined from the slope of the subtransient 
current in the plot in Figure 5—46. This current can often be 10 times the size of 
the steady-state fault current. 

The rms current flowing in the generator during the transient period is 
called the transient current and is denoted by the symbol J’. It is caused by a dc 
component of current induced in the field circuit at the time of the short. This field 
current increases the internal generated voltage and causes an increased fault cur- 
rent. Since the time constant of the de field circuit is much longer than the time 
constant of the damper windings, the transient period lasts much longer than the 
subtransient period. This time constant is given the symbol 7’. The average rms 
current during the transient period is often as much as 5 times the steady-state 
fault current. 

After the transient period, the fault current reaches a steady-state condition. 
The steady-state current during a fault is denoted by the symbol /,.. It is given ap- 
proximately by the fundamental frequency component of the internal generated 
voltage E, within the machine divided by its synchronous reactance: 


I 


‘<= x, steady state (5-31) 


The rms magnitude of the ac fault current in a synchronous generator varies 
continuously as a function of time. If 7” is the subtransient component of current 
at the instant of the fault, /’ is the transient component of current at the instant of 
the fault, and /,, is the steady-state fault current, then the rms magnitude of the 
current at any time after a fault occurs at the terminals of the generator is 


t= Ud" -lyetT + I -Lew™ + 1, (5-32) 
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It is customary to define subtransient and transient reactances for a syn- 
chronous machine as a convenient way to describe the subtransient and transient 
components of fault current. The subtransient reactance of a synchronous gener- 
ator is defined as the ratio of the fundamental component of the internal generated 
voltage to the subtransient component of current at the beginning of the fault. It is 
given by 


7s 
x = subtransient (5-33) 


Similarly, the transient reactance of a synchronous generator is defined as the ra- 
tio of the fundamental component of Z, to the transient component of current J’ at 
the beginning of the fault. This value of current is found by extrapolating the sub- 
transient region in Figure 5-46 back to time zero: 


E4 : 
x’=—= transient (5-34) 


For the purposes of sizing protective equipment, the subtransient current is 
often assumed to be E,/X”, and the transient current is assumed to be E,/X’, since 
these are the maximum values that the respective currents take on. 

Note that the above discussion of faults assumes that all three phases were 
shorted out simultaneously. If the fault does not involve all three phases equally, 
then more complex methods of analysis are required to understand it. These meth- 
ods (known as symmetrical components) are beyond the scope of this book. 


Example 5-7. A 100-MVA, 13.5-kV, Y-connected, three-phase, 60-Hz synchro- 
nous generator is operating at the rated voltage and no load when a three-phase fault de- 
velops at its terminals. Its reactances per unit to the machine’s own base are 


X;=10 x*’=0.25 x”=0.12 
and its time constants are 
T’ = 1.10s T” = 0.045 
The initial dc component in this machine averages 50 percent of the initial ac component. 


(a) What is the ac component of current in this generator the instant after the fault 
occurs? 

(b) What is the total current (ac plus dc) flowing in the generator right after the fault 
occurs? 

(c) What will the ac component of the current be after two cycles? After 5 s? 


Solution 
The base current of this generator is given by the equation 


_ Spase 
Ihease = VV, ye (2-95) 


_ 100MVA_ _ 
= V313.8 kV) ~ 41844 
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The subtransient, transient, and steady-state currents, per unit and in amperes, are 


»_~,s_ 10 | 
I” = ye = O47 = 8333 
= (8.333414 A) = 34,900A 
»_ Fa _ 10 _ 
i xX’ 0257 4.00 
= (4,00)(4184 A) = 16,700 A 
E 
1, = 58 = 72 = 1.00 


= (1.00)(4184 A) = 4184 A 


(a) The initial ac component of current is J” = 34,900 A. 
(b) The total current (ac plus dc) at the beginning of the fault is 


log = 1.51" = 52,350 A 
(c) The ac component of current as a function of time is given by Equation (5-32): 
Ky) = -1K)e"™ +t - eT + hy (5-32) 
= 18,200¢7°%s + 12,516e“!'s + 4184 A 
At two cycles, t = 1/30 s, the total current is 


(4) = 7IOA + 12,142A + 4184A = 24236A 


After two cycles, the transient component of current is clearly the largest one and 
this time is in the transient period of the short circuit. At 5 s, the current is down to 


5) =0A+ 133A + 4184A = 4317A 
This is part of the steady-state period of the short circuit. 


5.11 SYNCHRONOUS GENERATOR RATINGS 


There are certain basic limits to the speed and power that may be obtained froma 
synchronous generator. These limits are expressed as ratings on the machine. The 
purpose of the ratings is to protect the generator from damage due to improper op- 
eration. To this end, each machine has a number of ratings listed on a nameplate 
attached to it. 

Typical ratings on a synchronous machine are voltage, frequency, speed, ap- 
parent power (kilovoltamperes), power factor, field current, and service factor. 
These ratings, and the interrelationships among them, will be discussed in the fol- 
lowing sections. 


The Voltage, Speed, and Frequency Ratings 


The rated frequency of a synchronous generator depends on the power system to 
which it is connected. The commonly used power system frequencies today are 


SYNCHRONOUS GENERATORS 327 


50 Hz (in Europe, Asia, etc.), 60 Hz (in the Americas), and 400 Hz (in special- 
purpose and control applications). Once the operating frequency is known, there 
is only one possible rotational speed for a given number of poles. The fixed rela- 
tionship between frequency and speed is given by Equation (4-34): 
ne 
[f= 720 (4-34) 
as previously described. 

Perhaps the most obvious rating is the voltage at which a generator is de- 
signed to operate. A generator’s voltage depends on the flux, the speed of rotation, 
and the mechanical construction of the machine. For a given mechanical frame 
size and speed, the higher the desired voltage, the higher the machine’s required 
flux. However, flux cannot be increased forever, since there is always a maximum 
allowable field current. 

Another consideration in setting the maximum allowable voltage is the 
breakdown value of the winding insulation—normal operating voltages must not 
approach breakdown too closely. 

Is it possible to operate a generator rated for one frequency at a different fre- 
quency? For example, is it possible to operate a 60-Hz generator at 50 Hz? The 
answer is a qualified yes, as long as certain conditions are met. Basically, the 
problem is that there is a maximum flux achievable in any given machine, and 
since E, = Kda, the maximum allowable E, changes when the speed is changed. 
Specifically, if a 60-Hz generator is to be operated at 50 Hz, then the operating 
voltage must be derated to 50/60, or 83.3 percent, of its original value. Just the 
Opposite effect happens when a 50-Hz generator is operated at 60 Hz. 


Apparent Power and Power-Factor Ratings 


There are two factors that determine the power limits of electric machines. One is 
the mechanical torque on the shaft of the machine, and the other is the heating of 
the machine’s windings. In all practical synchronous motors and generators, the 
shaft is strong enough mechanically to handle a much larger steady-state power 
than the machine is rated for, so the practical steady-state limits are set by heating 
in the machine’s windings. 

There are two windings in a synchronous generator, and each one must be 
protected from overheating. These two windings are the armature winding and the 
field winding. The maximum acceptable armature current sets the apparent power 
rating for a generator, since the apparent power S is given by 


S= 3Vg 14 (5-35) 


If the rated voltage is known, then the maximum acceptable armature current de- 
termines the rated kilovoltamperes of the generator: 


Srated = 3 Vb cated TA max (5-36) 


or Srated = V3V i rated! Emax (5-37) 
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FIGURE 5+47 
How the rotor field current limit sets the rated power factor of a generator. 


It is important to realize that, for heating the armature windings, the power factor 
of the armature current is irrelevant. The heating effect of the stator copper losses 
is given by 


Poo, = 3E2R, (5-38) 


and is independent of the angle of the current with respect to Vy. Because the cur- 
rent angle is irrelevant to the armature heating, these machines are rated in kilo- 
voltamperes instead of kilowatts. 
The other winding of concern is the field winding. The field copper losses 
are given by 
Pret = [eRe (5-39) 


so the maximum allowable heating sets a maximum field current for the machine. 
Since E, = Kw this sets the maximum acceptable size for E,. 

The effect of having a maximum /; and a maximum E£, translates directly 
into a restriction on the lowest acceptable power factor of the generator when it is 
operating at the rated kilovoltamperes. Figure 5-47 shows the phasor diagram of 
a synchronous generator with the rated voltage and armature current. The current 
can assume many different angles, as shown. The internal generated voltage E, is 
the sum of Vy and Xs I,. Notice that for some possible current angles the required 
BE, exceeds Ey max. If the generator were operated at the rated armature current and 
these power factors, the field winding would burn up. 

The angle of I, that requires the maximum possible E, while Vg remains at 
the rated value gives the rated power factor of the generator. It is possible to op- 
erate the generator at a lower (more lagging) power factor than the rated value, but 
only by cutting back on the kilovoltamperes supplied by the generator. 
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FIGURE 5-48 
Derivation of a synchronous generator capability curve. (a) The generator phasor diagram; (b) the 
corresponding power units. 


Synchronous Generator Capability Curves 


The stator and rotor heat limits, together with any external limits on a synchro- 
nous generator, can be expressed in graphical form by a generator capability dia- 
gram. A capability diagram is a plot of complex power S = P + jQ. It is derived 
from the phasor diagram of the generator, assuming that Vy is constant at the ma- 
chine’s rated voltage. 

Figure 5—48a shows the phasor diagram of a synchronous generator operat- 
ing at a lagging power factor and its rated voltage. An orthogonal set of axes is 
drawn on the diagram with its origin at the tip of Vg and with units of volts. On 
this diagram, vertical segment AB has a length Xs/, cos @, and horizontal segment 
OA has a length X,/, sin @. 

The real power output of the generator is given by 


P= 3V,1, cos @ (5-17) 
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the reactive power output is given by 

Q = 3V,1, sin @ (5-19) 
and the apparent power output is given by 

S = 3V,i, (5-35) 


so the vertical and horizontal axes of this figure can be recalibrated in terms of 
real and reactive power (Figure 5-48b). The conversion factor needed to change 
the scale of the axes from volts to voltamperes (power units) is 3V, /Xs: 


3V, 
P = 3V,1, cos 6 = x, Xsla cos 8) (5-40) 
. 3, . 
and Q = 3V,/, sin 8 = xX (Xs, sin 8) (5-41) 


On the voltage axes, the origin of the phasor diagram is at —V, on the hori- 
zontal axis, so the origin on the power diagram is al 


= —-—# (5-42) 


The field current is proportional to the machine’s flux, and the flux is proportional 
to E, = Kw. The length corresponding to £, on the power diagram is 


= _3EAYg 
FE i: (5-43) 
The armature current J, is proportional to Xs/,, and the length corresponding to 
Xsf, on the power diagram is 3V J,. 
The final synchronous generator capability curve is shown in Figure 5-49. 
It is a plot of P versus Q, with real power P on the horizontal axis and reactive 
power Q on the vertical axis. Lines of constant armature current /, appear as lines 
of constant S = 3V, 2,4, which are concentric circles around the origin. Lines of 
constant field current correspond to lines of constant £4, which are shown as cir- 
cles of magnitude 3E,V,/Xs centered on the point 


3V2 
Q=-—* (5-42) 


Xs 

The armature current limit appears as the circle corresponding to the rated 
I, or rated kilovoltamperes, and the field current limit appears as a circle corre- 
sponding to the rated /; or E,. Any point that lies within both circles is a safe op- 
erating point for the generator. 

It is also possible to show other constraints on the diagram, such as the max- 
imum prime-mover power and the static stability limit. A capability curve that 
also reflects the maximum prime-mover power is shown in Figure 5-50. 
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FIGURE 5-49 
The resulting generator capability curve. 
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FIGURE 5-50 
A capability diagram showing the prime-mover power limit. 


ved 
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Example 5-8. A 480-V, 50-Hz, Y-connected, six-pole synchronous generator is 
rated at 50 kVA at 0.8 PF lagging. It has a synchronous reactance of 1.0 2 per phase. As- 
sume that this generator is connected to a steam turbine capable of supplying up to 45 kW. 
The friction and windage losses are 1.5 kW, and the core losses are 1.0 kW. 


(a) Sketch the capability curve for this generator, including the prime-mover power 
limit. 

(b) Can this generator supply a line current of 56 A at 0.7 PF lagging? Why or why 
not? 

(c) What is the maximum amount of reactive power this generator can produce? 


(d) If the generator supplies 30 kW of real power, what is the maximum amount of 
reactive power that can be simultaneously supplied? 


Solution 
The maximum current in this generator can be found from Equation (5—36): 


Stated = 3V, cated Fa max (5-36) 
The voltage V, of this machine is 


so the maximum armature current is 


Tamex = 3y, — 3(277 Vy ~ 804 


With this information, it is now possible to answer the questions. 


(a) The maximum permissible apparent power is 50 kVA, which specifies the max- 
imum safe armature current. The center of the £, circles is at 


3V3 

¢ 
= -{* 5-42 
O- ->' (5-42) 


2 
= SGT = -230 kVAR 


The maximum size of E, is given by 
E, = Vg t+ JXsly 
= 277 20° V + (1.0 2)(60 2 —36.87° A) 
= 313 + 748 V = 317 28.7° V 


Therefore, the magnitude of the distance proportional to E, is 


3E,V, 
De =>. (5-43) 


_ 3G17 VX277V) _ 
00 263 KVAR 


The maximum output power available with a prime-mover power of 45 kW is 
approximately 
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FIGURE 5-51 
The capability diagram for the generator in Example 5-8. 


Pcasinat a Pasig ~ * mech loss ~ * core loss 


= 45kW-1.5kW- 1.0 kW = 42.5 kW 


ved 
a 


(This value is approximate because the /?R loss and the stray load loss were not 


considered.) The resulting capability diagram is shown in Figure 5—51. 
(b) Acurrent of 56 A at 0.7 PF lagging produces a real power of 


P = 3VgI, cos 0 
= 3(277 V\(56 A)(0.7) = 32.6kW 
and a reactive power of 
Q = 3V, I, sin 8 
= 3(277 V)(56 A)(0.714) = 33.2 KVAR 
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FIGURE 5-52 


Capability curve for a real synchronous generator rated at 470 KVA. (Courtesy of Marathon Electric 
Company.) 


Plotting this point on the capability diagram shows that it is safely within the 
maximum /, curve but outside the maximum /; curve. Therefore, this point is 
not a safe operating condition. 

(c) When the real power supplied by the generator is zero, the reactive power that 
the generator can supply will be maximum. This point is right at the peak of the 
capability curve. The Q that the generator can supply there is 


Q = 263 KVAR — 230 kVAR = 33 KVAR 


(ad) If the generator is supplying 30 kW of real power, the maximum reactive power 
that the generator can supply is 31.5 KVAR. This value can be found by entering 
the capability diagram at 30 kW and going up the constant-kilowatt line until a 
limit is reached. The limiting factor in this case is the field current—the arma- 
ture will be safe up to 39.8 KVAR. 


Figure 5-52 shows a typical capability for a real synchronous generator. 
Note that the capability boundaries are not a perfect circle for a real generator. 
This is true because real synchronous generators with salient poles have additional 
effects that we have not modeled. These effects are described in Appendix C. 
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Short-Time Operation and Service Factor 


The most important limit in the steady-state operation of a synchronous generator 
is the heating of its armature and field windings. However, the heating limit usu- 
ally occurs at a point much less than the maximum power that the generator is 
magnetically and mechanically able to supply. In fact, a typical synchronous gen- 
erator is often able to supply up to 300 percent of its rated power for a while (un- 
til its windings burn up). This ability to supply power above the rated amount is 
used to supply momentary power surges during motor starting and similar load 
transients. 

It is also possible to use a generator at powers exceeding the rated values for 
longer periods of time, as long as the windings do not have time to heat up too much 
before the excess load is removed. For example, a generator that could supply 
| MW indefinitely might be able to supply 1.5 MW for a couple of minutes without 
serious harm, and for progressively longer periods at lower power levels. However, 
the load must finally be removed, or the windings will overheat. The higher the 
power over the rated value, the shorter the time a machine can tolerate it. 

Figure 5—53 illustrates this effect. This figure shows the time in seconds re- 
quired for an overload to cause thermal damage to a typical electrical machine, 
whose windings were at normal operating temperature before the overload oc- 
curred. In this particular machine, a 20 percent overload can be tolerated for 1000 
seconds, a 100 percent overload can be tolerated for about 30 seconds, and a 200 
percent overload can be tolerated for about 10 seconds before damage occurs. 

The maximum temperature rise that a machine can stand depends on the in- 
sulation class of its windings. There are four standard insulation classes: A, B, F, 
and H. While there is some variation in acceptable temperature depending ona 
machine’s particular construction and the method of temperature measurement, 
these classes generally correspond to temperature rises of 60, 80, 105, and 125°C, 
respectively, above ambient temperature. The higher the insulation class of a 
given machine, the greater the power that can be drawn out of it without over- 
heating its windings. 

Overheating of windings is a very serious problem in a motor or generator. 
It was an old rule of thumb that for each 10°C temperature rise above the rated 
windings temperature, the average lifetime of a machine is cut in half (see Figure 
4-20). Modern insulating materials are less susceptible to breakdown than that, 
but temperature rises still drastically shorten their lives. For this reason, a syn- 
chronous machine should not be overloaded unless absolutely necessary. 

A question related to the overheating problem is: Just how well is the power 
requirement of a machine known? Before installation, there are often only ap- 
proximate estimates of load. Because of this, general-purpose machines usually 
have a Service factor. The service factor is defined as the ratio of the actual max- 
imum power of the machine to its nameplate rating. A generator with a service 
factor of 1.15 can actually be operated at 115 percent of the rated load indefinitely 
without harm. The service factor on a machine provides a margin of error in case 
the loads were improperly estimated. 


Maximum time, s 
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FIGURE 5-53 
Thermal damage curve for a typical synchronous machine, assuming that the windings were already 
at operational temperature when the overload is applied. (Courtesy of Marathon Electric Company.) 


5.12 SUMMARY 


A synchronous generator is a device for converting mechanical power from a 
prime mover to ac electric power al a specific voltage and frequency. The term 
synchronous refers to the fact that this machine’s electrical frequency is locked in 
or synchronized with its mechanical rate of shaft rotation. The synchronous gen- 
erator is used to produce the vast majority of electric power used throughout the 
world. 

The internal generated voltage of this machine depends on the rate of shaft 
rotation and on the magnitude of the field flux. The phase voltage of the machine 
differs from the internal generated voltage by the effects of armature reaction in the 
generator and also by the internal resistance and reactance of the armature wind- 
ings. The terminal voltage of the generator will either equal the phase voltage or be 
related to it by V3, depending on whether the machine is A- or Y-connected. 

The way in which a synchronous generator operates in a real power system 
depends on the constraints on it. When a generator operates alone, the real and 
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reactive powers that must be supplied are determined by the load attached to it, 
and the governor set points and field current control the frequency and terminal 
voltage, respectively. When the generator is connected to an infinite bus, its fre- 
quency and voltage are fixed, so the governor set points and field current control 
the real and reactive power flow from the generator. In real systems containing 
generators of approximately equal size, the governor set points affect both fre- 
quency and power flow, and the field current affects both terminal voltage and re- 
active power flow. 

A synchronous generator’s ability to produce electric power is primarily 
limited by heating within the machine. When the generator’s windings overheat, 
the life of the machine can be severely shortened. Since here are two different 
windings (armature and field), there are two separate constraints on the generator. 
The maximum allowable heating in the armature windings sets the maximum 
kilovoltamperes allowable from the machine, and the maximum allowable heat- 
ing in the field windings sets the maximum size of E,. The maximum size of E, 
and the maximum size of J, together set the rated power factor of the generator. 


QUESTIONS 


5-1. Why is the frequency of a synchronous generator locked into its rate of shaft 
rotation? 

5-2. Why does an alternator’s voltage drop sharply when it is loaded down with a lag- 
ging load? 

5-3. Why does an alternator’s voltage rise when it is loaded down with a leading load? 

54. Sketch the phasor diagrams and magnetic field relationships for a synchronous gen- 
erator operating at (a) unity power factor, (6) lagging power factor, (c) leading 
power factor. 

5-5. Explain just how the synchronous impedance and armature resistance can be deter- 
mined in a synchronous generator. 

5-6. Why must a 60-Hz generator be derated if it is to be operated at 50 Hz? How much 
derating must be done? 

5-7. Would you expect a 400-Hz generator to be larger or smaller than a 60-Hz genera- 
tor of the same power and voltage rating? Why? 

5-8. What conditions are necessary for paralleling two synchronous generators? 

5-9, Why must the oncoming generator on a power system be paralleled at a higher fre- 
quency than that of the running system? 

5-10. What is an infinite bus? What constraints does it impose on a generator paralleled 
with it? 

5-11. How can the real power sharing between two generators be controlled without af- 
fecting the system’s frequency? How can the reactive power sharing between two 
generators be controlled without affecting the system’s terminal voltage? 

5-12. How can the system frequency of a large power system be adjusted without affect- 
ing the power sharing among the system’s generators? 

5-13. How can the concepts of Section 5.9 be expanded to calculate the system frequency 
and power sharing among three or more generators operating in parallel? 

5-14. Why is overheating such a serious matter for a generator? 


Open-circuit terminal voltage, V 
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5-15. Explain in detail the concept behind capability curves. 
5-16. What are short-time ratings? Why are they important in regular generator operation? 


PROBLEMS 


5-1. Ata location in Europe, it is necessary to supply 300 kW of 60-Hz power. The only 
power sources available operate at 50 Hz. It is decided to generate the power by 
means of a motor-generator set consisting of a synchronous motor driving a syn- 
chronous generator. How many poles should each of the two machines have in or- 
der to convert 50-Hz power to 60-Hz power? 

5-2. A2300-V, 1000-k VA, 0.8-PF-lagging, 60-Hz, two-pole, Y-connected synchronous 
generator has a synchronous reactance of 1.1 (2 and an armature resistance of 
0.15 Q. At 60 Hz, its friction and windage losses are 24 kW, and its core losses are 
18 kW. The field circuit has a de voltage of 200 V, and the maximum /; is 10 A. The 
resistance of the field circuit is adjustable over the range from 20 to 200 2. The 
OCC of this generator is shown in Figure P5-1. 


Field current, A 


FIGURE P5-1 
The open-circuit characteristic for the generator in Problem 5-2. 


(a) How much field current is required to make V; equal to 2300 V when the gen- 
erator is running at no load? 
(&) What is the internal generated voltage of this machine at rated conditions? 


5-3. 


5+4. 


5-6. 


5-7, 
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(c) How much field current is required to make Vz equal to 2300 V when the gen- 
erator is running at rated conditions? 

(a) How much power and torque must the generator’s prime mover be capable of 
supplying? 

(e) Construct a capability curve for this generator. 

Assume that the field current of the generator in Problem 5—2 has been adjusted to 

a value of 4.5 A. 

(a) What will the terminal voltage of this generator be if it is connected to a 
A-connected load with an impedance of 20 2 30° 0? 

(b) Sketch the phasor diagram of this generator. 

(c) What is the efficiency of the generator at these conditions? 

(d) Now assume that another identical A-connected load is to be paralleled with the 
first one. What happens to the phasor diagram for the generator? 

(e) What is the new terminal voltage after the load has been added? 

(f) What must be done to restore the terminal voltage to its original value? 

Assume that the field current of the generator in Problem 5-2 is adjusted to achieve 

rated voltage (2300 V) at full-load conditions in each of the questions below. 

(a) What is the efficiency of the generator at rated load? 

(b) What is the voltage regulation of the generator if it is loaded to rated kilo- 
voltamperes with 0.8-PF-lagging loads? 

(c) What is the voltage regulation of the generator if it is loaded to rated kilo- 
voltamperes with 0.8-PF-leading loads? 

(d) What is the voltage regulation of the generator if it is loaded to rated kilo- 
voltamperes with unity power factor loads? 

(e) Use MATLAB to plot the terminal voltage of the generator as a function of load 
for all three power factors. 


. Assume that the field current of the generator in Problem 5-2 has been adjusted so 


that it supplies rated voltage when loaded with rated current at unity power factor. 

(a) What is the torque angle 6 of the generator when supplying rated current at 
unity power factor? 

(b) When this generator is running at full load with unity power factor, how close 
is it to the static stability limit of the machine? 

A 480-V, 400-kVA, 0.85-PF-lagging, 50-Hz, four-pole, A-connected generator is 

driven by a 500-hp diesel engine and is used as a standby or emergency generator. 

This machine can also be paralleled with the normal power supply (a very large 

power system) if desired. 

(a) What are the conditions required for paralleling the emergency generator with 
the existing power system? What is the generator’s rate of shaft rotation after 
paralleling occurs? 

(b) If the generator is connected to the power system and is initially floating on the 
line, sketch the resulting magnetic fields and phasor diagram. 

(c) The governor setting on the diesel is now increased. Show both by means of 
house diagrams and by means of phasor diagrams what happens to the genera- 
tor. How much reactive power does the generator supply now? 

(d) With the diesel generator now supplying real power to the power system, what 
happens to the generator as its field current is increased and decreased? Show 
this behavior both with phasor diagrams and with house diagrams. 

A 13.8-kV, 10-MVA, 0.8-PF-lagging, 60-Hz, two-pole, Y-connected steam-turbine 

generator has a synchronous reactance of 12 1 per phase and an armature resistance 
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of 1.5 Q per phase. This generator is operating in parallel with a large power system 

(infinite bus). 

(a) What is the magnitude of E, at rated conditions? 

(b) What is the torque angle of the generator at rated conditions? 

(c) If the field current is constant, what is the maximum power possible out of this 
generator? How much reserve power or torque does this generator have at full 
load? 

(d) At the absolute maximum power possible, how much reactive power will this 
generator be supplying or consuming? Sketch the corresponding phasor dia- 
gram. (Assume /f is still unchanged.) 

A 480-V, 100-kW, two-pole, three-phase, 60-Hz synchronous generator’s prime 

mover has a no-load speed of 3630 r/min and a full-load speed of 3570 r/min. It is op- 

erating in parallel with a 480-V, 75-kW, four-pole, 60-Hz synchronous generator 

whose prime mover has a no-load speed of 1800 r/min and a full-load speed of 1785 

t/min. The loads supplied by the two generators consist of 100 kW at 0.85 PF lagging. 

(a) Calculate the speed droops of generator 1 and generator 2. 

(b) Find the operating frequency of the power system. 

(c) Find the power being supplied by each of the generators in this system. 

(d) If V;is 460 V, what must the generator’s operators do to correct for the low ter- 
minal voltage? 

Three physically identical synchronous generators are operating in parallel. They 

are all rated for a full load of 3 MW at 0.8 PF lagging. The no-load frequency of gen- 

erator A is 61 Hz, and its speed droop is 3.4 percent. The no-load frequency of 
generator B is 61.5 Hz, and its speed droop is 3 percent. The no-load frequency 
of generator C is 60.5 Hz, and its speed droop is 2.6 percent. 

(a) If atotal load consisting of 7 MW is being supplied by this power system, what 
will the system frequency be and how will the power be shared among the three 
generators? 

(b) Create a plot showing the power supplied by each generator as a function of the 
total power supplied to all loads (you may use MATLAB to create this plot). At 
what load does one of the generators exceed its ratings? Which generator ex- 
ceeds its ratings first? 

(c) Is this power sharing in a acceptable? Why or why not? 

(d) What actions could an operator take to improve the real power sharing among 
these generators? 

A paper mill has installed three steam generators (boilers) to provide process steam 

and also to use some its waste products as an energy source. Since there is extra ca- 

pacity, the mill has installed three 5-MW turbine generators to take advantage of the 
situation. Each generator is a 4160-V, 6250-kVA, 0.85-PF-lagging, two-pole, 

Y-connected synchronous generator with a synchronous reactance of 0.75 © and an 

armature resistance of 0.04 ©. Generators 1 and 2 have a characteristic power— 

frequency slope sp of 2.5 MW/Hz, and generators 2 and 3 have a slope of 3 MW/Hz. 

(a) If the no-load frequency of each of the three generators is adjusted to 61 Hz, 
how much power will the three machines be supplying when actual system fre- 
quency is 60 Hz? 

(b) What is the maximum power the three generators can supply in this condition 
without the ratings of one of them being exceeded? At what frequency does this 
limit occur? How much power does each generator supply at that point? 
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(c) What would have to be done to get all three generators to supply their rated real 
and reactive powers at an overall operating frequency of 60 Hz? 

(a) What would the internal generated voltages of the three generators be under this 
condition? 


Problems 5-11 to 5-21 refer to a four-pole, Y-connected synchronous generator rated at 
470 kVA, 480 V, 60 Hz, and 0.85 PF lagging. Its armature resistance R, is 0.016 2. The 
core losses of this generator at rated conditions are 7 kW, and the friction and windage 
losses are 8 kW. The open-circuit and short-circuit characteristics are shown in Figure 
P5-2. 


5-11. (a) What is the saturated synchronous reactance of this generator at the rated 
conditions? 
(b) What is the unsaturated synchronous reactance of this generator? 
(c) Plot the saturated synchronous reactance of this generator as a function of load. 

5-12. (a) What are the rated current and internal generated voltage of this generator? 

(b) What field current does this generator require to operate at the rated voltage, 
current, and power factor? 

5-13. What is the voltage regulation of this generator at the rated current and power 
factor? 

5-14. If this generator is operating at the rated conditions and the load is suddenly re- 
moved, what will the terminal voltage be? 

5-15. What are the electrical losses in this generator at rated conditions? 

5-16. If this machine is operating at rated conditions, what input torque must be applied to 
the shaft of this generator? Express your answer both in newton-meters and in 
pound-feet. 

5-17. What is the torque angle 6 of this generator at rated conditions? 

5-18. Assume that the generator field current is adjusted to supply 480 V under rated con- 
ditions. What is the static stability limit of this generator? (Nofe: You may ignore R, 
to make this calculation easier.) How close is the full-load condition of this genera- 
tor to the static stability limit? 

5-19. Assume that the generator field current is adjusted to supply 480 V under rated con- 
ditions. Plot the power supplied by the generator as a function of the torque angle 6. 
(Note: You may ignore R, to make this calculation easier.) 

5-20. Assume that the generator’s field current is adjusted so that the generator supplies 
rated voltage at the rated load current and power factor. If the field current and the 
magnitude of the load current are held constant, how will the terminal voltage 
change as the load power factor varies from 0.85 PF lagging to 0.85 PF leading? 
Make a plot of the terminal voltage versus the impedance angle of the load being 
supplied by this generator. 

5-21. Assume that the generator is connected to a 480-V infinite bus, and that its field cur- 
rent has been adjusted so that it is supplying rated power and power factor to the bus. 
You may ignore the armature resistance R, when answering the following questions. 
(a) What would happen to the real and reactive power supplied by this generator if 

the field flux is reduced by 5 percent? 
(b) Plot the real power supplied by this generator as a function of the flux @ as the 
flux is varied from 75 percent to 100 percent of the flux at rated conditions. 
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(a) Open-circuit characteristic curve for the generator in Problems 5-11 to 5-21. (b) Short-circuit 
characteristic curve for the generator in Problems 5—11 to 5-21. 
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(c) Plot the reactive power supplied by this generator as a function of the flux ¢ as 
the flux is varied from 75 percent to 100 percent of the flux at rated conditions. 

(d) Plot the line current supplied by this generator as a function of the flux @ as the 
flux is varied from 75 percent to 100 percent of the flux at rated conditions. 

A 100-MVA, 12.5-kV, 0.85-PF-lagging, 50-Hz, two-pole, Y-connected synchronous 

generator has a per-unit synchronous reactance of 1.1 and a per-unit armature resis- 

tance of 0.012. 

(a) What are its synchronous reactance and armature resistance in ohms? 

(b) What is the magnitude of the internal generated voltage £, at the rated condi- 
tions? What is its torque angle 6 at these conditions? 

(c) Ignoring losses in this generator, what torque must be applied to its shaft by the 
prime mover at full load? 

A three-phase Y-connected synchronous generator is rated 120 MVA, 13.2 kV, 

0.8 PF lagging, and 60 Hz. Its synchronous reactance is 0.9 Q, and its resistance 

may be ignored. 

(a) What is its voltage regulation? 

(b) What would the voltage and apparent power rating of this generator be if it were 
operated at 50 Hz with the same armature and field losses as it had at 60 Hz? 

(c) What would the voltage regulation of the generator be at 50 Hz? 

Two identical 600-k VA, 480-V synchronous generators are connected in parallel to 

supply a load. The prime movers of the two generators happen to have different 

speed droop characteristics. When the field currents of the two generators are equal, 
one delivers 400 A at 0.9 PF lagging, while the other delivers 300 A at 0.72 PF 
lagging. 

(a) What are the real power and the reactive power supplied by each generator to 
the load? 

(b) What is the overall power factor of the load? 

(c) In what direction must the field current on each generator be adjusted in order 
for them to operate at the same power factor? 

A generating station for a power system consists of four 120-MVA, 15-kV, 0.85-PF- 

lagging synchronous generators with identical speed droop characteristics operating 

in parallel. The governors on the generators’ prime movers are adjusted to produce 

a 3-Hz drop from no load to full load. Three of these generators are each supplying 

a steady 75 MW at a frequency of 60 Hz, while the fourth generator (called the 

swing generator) handles all incremental load changes on the system while main- 

taining the system’s frequency at 60 Hz. 

(a) Ata given instant, the total system loads are 260 MW at a frequency of 60 Hz. 
What are the no-load frequencies of each of the system’s generators? 

(b) If the system load rises to 290 MW and the generator’s governor set points do 
not change, what will the new system frequency be? 

(c) To what frequency must the no-load frequency of the swing generator be ad- 
justed in order to restore the system frequency to 60 Hz? 

(ad) If the system is operating at the conditions described in part c, what would hap- 
pen if the swing generator were tripped off the line (disconnected from the 
power line)? 

Suppose that you were an engineer planning a new electric cogeneration facility for 

a plant with excess process steam. You have a choice of either two 10-MW turbine- 

generators or a single 20-MW turbine-generator. What would be the advantages and 

disadvantages of each choice? 


344 


5-27. 


5-28. 


ELECTRIC MACHINERY FUNDAMENTALS 


A 25-MVA, three-phase, 13.8-kV, two-pole, 60-Hz Y-connected synchronous gen- 
erator was tested by the open-circuit test, and its air-gap voltage was extrapolated 
with the following results: 


Open-circuit test 


Field current, A 320 365 380 475 570 
Line voltage. kV 13.0 13.8 14.1 15.2 16.0 
Extrapolated air-gap voltage, kV 15.4 17.5 18,3 22.8 27.4 


The short-circuit test was then performed with the following results: 


Short-circuit test 


Field current, A 320 365 380 475 570 
Armature current, A 1040 1190 1240 1550 1885 


The armature resistance is 0.24 11 per phase. 

(a) Find the unsaturated synchronous reactance of this generator in ohms per phase 
and per unit. 

(b) Find the approximate saturated synchronous reactance Xz at a field current of 
380 A. Express the answer both in ohms per phase and per unit. 

(c) Find the approximate saturated synchronous reactance at a field current of 
475 A. Express the answer both in ohms per phase and in per-unit. 

(ad) Find the short-circuit ratio for this generator. 

A20-MVA, 12.2-kV, 0.8-PF-lagging, Y-connected synchronous generator has a neg- 

ligible armature resistance and a synchronous reactance of 1.1 per unit. The gener- 

ator is connected in parallel with a 60-Hz, 12.2-kV infinite bus that is capable of 
supplying or consuming any amount of real or reactive power with no change in 
frequency or terminal voltage. 

(a) What is the synchronous reactance of the generator in ohms? 

(b) What is the internal generated voltage E, of this generator under rated conditions? 

(c) What is the armature current I, in this machine at rated conditions? 

(d) Suppose that the generator is initially operating at rated conditions. If the inter- 
nal generated voltage E, is decreased by 5 percent, what will the new armature 
current I, be? 

(e) Repeat part d for 10, 15, 20, and 25 percent reductions in Ey. 

(f) Plot the magnitude of the armature current J, as a function of E,4. (You may wish 
to use MATLAB to create this plot.) 
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CHAPTER 


6 


SYNCHRONOUS 
MOTORS 


ynchronous motors are synchronous machines used to convert electrical 
power to mechanical power. This chapter explores the basic operation of 
synchronous motors and relates their behavior to that of synchronous generators. 


6.1 BASIC PRINCIPLES OF 
MOTOR OPERATION 


To understand the basic concept of a synchronous motor, look at Figure 6-1, which 
shows a two-pole synchronous motor. The field current J; of the motor produces a 
steady-state magnetic field Bg. A three-phase set of voltages is applied to the stator 
of the machine, which produces a three-phase current flow in the windings. 

As was shown in Chapter 4, a three-phase set of currents in an armature 
winding produces a uniform rotating magnetic field Bs. Therefore, there are two 
magnetic fields present in the machine, and the rotor field will tend to line up with 
the stator field, just as two bar magnets will tend to line up if placed near each 
other. Since the stator magnetic field is rotating, the rotor magnetic field (and the 
rotor itself) will constantly try to catch up. The larger the angle between the two 
magnetic fields (up to a certain maximum), the greater the torque on the rotor of 
the machine. The basic principle of synchronous motor operation is that the rotor 
“chases” the rotating stator magnetic field around in a circle, never quite catching 
up with it. 

Since a synchronous motor is the same physical machine as a synchronous 
generator, all of the basic speed, power, and torque equations of Chapters 4 and 5 
apply to synchronous motors also. 
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Tind = k Bp x B; 
= counterclockwise 


FIGURE 6-1 
A two-pole synchronous motor. 


The Equivalent Circuit of a Synchronous Motor 


A synchronous motor is the same in all respects as a synchronous generator, except 
that the direction of power flow is reversed. Since the direction of power flow in the 
machine is reversed, the direction of current flow in the stator of the motor may be 
expected to reverse also. Therefore, the equivalent circuit of a synchronous motor is 
exactly the same as the equivalent circuit of a synchronous generator, except that the 
reference direction of L, is reversed. The resulting full equivalent circuit is shown in 
Figure 6—2a, and the per-phase equivalent circuit is shown in Figure 6—2b. As be- 
fore, the three phases of the equivalent circuit may be either Y- or A-connected. 

Because of the change in direction of I,, the Kirchhoff’s voltage law equa- 
tion for the equivalent circuit changes too. Writing a Kirchhoft’s voltage law 
equation for the new equivalent circuit yields 


Vs = Eq + JXsI, + Ral, (6-1) 


This is exactly the same as the equation for a generator, except that the sign on the 
current term has been reversed. 


The Synchronous Motor from a Magnetic 
Field Perspective 


To begin to understand synchronous motor operation, take another look at a syn- 
chronous generator connected to an infinite bus. The generator has a prime mover 
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(a) The full equivalent circuit of a three-phase synchronous motor. (b) The per-phase equivalent circuit. 


turning its shaft, causing it to rotate. The direction of the applied torque 7,,,, from 
the prime mover is in the direction of motion, because the prime mover makes the 
generator rotate in the first place. 

The phasor diagram of the generator operating with a large field current is 
shown in Figure 6—3a, and the corresponding magnetic field diagram is shown in 
Figure 6-3b. As described before, Bg corresponds to (produces) E,, B,., corre- 
sponds to (produces) Vy, and B; corresponds to E,,, (= —jXsl,). The rotation of 
both the phasor diagram and magnetic field diagram is counterclockwise in the 
figure, following the standard mathematical convention of increasing angle. 

The induced torque in the generator can be found from the magnetic field 
diagram. From Equations (4-60) and (4-61) the induced torque is given by 
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(a) Phasor diagram of a synchronous generator operating at a lagging power factor. (b) The 
corresponding magnetic field diagram. 
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FIGURE 6-4 
(a) Phasor diagram of a synchronous motor. (b) The corresponding magnetic field diagram. 


Tina = kBp * Bact (4-60) 


or Ting = KBpB, Sin 8 (4-61) 


Notice that from the magnetic field diagram the induced torque in this machine is 
clockwise, opposing the direction of rotation. In other words, the induced torque 
in the generator is a countertorque, opposing the rotation caused by the external 
applied torque 7,,,. 

Suppose that, instead of turning the shaft in the direction of motion, the 
prime mover suddenly loses power and starts to drag on the machine’s shaft. What 
happens to the machine now? The rotor slows down because of the drag on its shaft 
and falls behind the net magnetic field in the machine (see Figure 6—4a). As the ro- 
tor, and therefore B,, slows down and falls behind B,,, the operation of the machine 
suddenly changes. By Equation (4-60), when B, is behind B,,,, the induced 


net’ 
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torque’s direction reverses and becomes counterclockwise. In other words, the ma- 
chine’s torque is now in the direction of motion, and the machine is acting as a mo- 
tor. The increasing torque angle 8 results in a larger and larger torque in the direc- 
tion of rotation, until eventually the motor’s induced torque equals the load torque 
on its shaft. At that point, the machine will be operating at steady state and syn- 
chronous speed again, but now as a motor. 

The phasor diagram corresponding to generator operation is shown in Fig- 
ure 6—3a, and the phasor diagram corresponding to motor operation is shown in 
Figure 6—4a. The reason that the quantity jXsI, points from V4, to E, in the gen- 
erator and from E, to V, in the motor is that the reference direction of I, was re- 
versed in the definition of the motor equivalent circuit. The basic difference be- 
tween motor and generator operation in synchronous machines can be seen either 
in the magnetic field diagram or in the phasor diagram. Jn a generator, E, lies 
ahead of V, , and Ba lies ahead of B,... Jn a motor, E, lies behind V,, and Bg lies 
behind B,,,. In a motor the induced torque is in the direction of motion, and in a 
generator the induced torque is a countertorque opposing the direction of motion. 


6.2 STEADY-STATE SYNCHRONOUS 
MOTOR OPERATION 


This section explores the behavior of synchronous motors under varying condi- 
tions of load and field current as well as the question of power-factor correction 
with synchronous motors. The following discussions will generally ignore the ar- 
mature resistance of the motors for simplicity. However, R, will be considered in 
some of the worked numerical calculations. 


The Synchronous Motor Torque—Speed 
Characteristic Curve 


Synchronous motors supply power to loads that are basically constant-speed de- 
vices. They are usually connected to power systems very much larger than the in- 
dividual motors, so the power systems appear as infinite buses to the motors. This 
means that the terminal voltage and the system frequency will be constant regard- 
less of the amount of power drawn by the motor. The speed of rotation of the mo- 
tor is locked to the applied electrical frequency, so the speed of the motor will be 
constant regardless of the load. The resulting torque—speed characteristic curve is 
shown in Figure 6-5. The steady-state speed of the motor is constant from no load 
all the way up to the maximum torque that the motor can supply (called the pudl- 
out torque), so the speed regulation of this motor [Equation (4—68)] is 0 percent. 
The torque equation is 


Tind = KBpBoe Sin 8 (4-61) 
3V,E, sind 
or Ting = — oA —__— (5-22) 


OnXs 
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FIGURE 6-5 
The torque—speed characteristic of a synchronous motor. Since the speed of the motor is constant, its 
speed regulation is zero. 


The maximum or pullout torque occurs when 6 = 90°. Normal full-load torques 
are much less than that, however. In fact, the pullout torque may typically be 
3 times the full-load torque of the machine. 

When the torque on the shaft of a synchronous motor exceeds the pullout 
torque. the rotor can no longer remain locked to the stator and net magnetic fields. 
Instead, the rotor starts to slip behind them. As the rotor slows down, the stator 
magnetic field “laps” it repeatedly, and the direction of the induced torque in the 
rotor reverses with each pass. The resulting huge torque surges, first one way and 
then the other way, cause the whole motor to vibrate severely. The loss of syn- 
chronization after the pullout torque is exceeded is known as slipping poles. 

The maximum or pullout torque of the motor is given by 


Tmax — KBrBae (6-3) 
3V,E 
pale Janet 1 
or Tmax = w,,Xsg (6-4) 


These equations indicate that the larger the field current (and hence E,), the 
greater the maximum torque of the motor. There is therefore a stability advantage 
in operating the motor with a large field current or a large Ey. 


The Effect of Load Changes on a 
Synchronous Motor 


If a load is attached to the shaft of a synchronous motor, the motor will develop 
enough torque to keep the motor and its load turning at a synchronous speed. 
What happens when the load is changed on a synchronous motor? 
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FIGURE 6-6 
(a) Phasor diagram of a motor operating at a leading power factor. (b) The effect of an increase in 
load on the operation of a synchronous motor. 


To find out, examine a synchronous motor operating initially with a leading 
power factor, as shown in Figure 6-6. If the load on the shaft of the motor is in- 
creased, the rotor will initially slow down. As it does, the torque angle 6 becomes 
larger, and the induced torque increases. The increase in induced torque eventu- 
ally speeds the rotor back up, and the motor again turns at synchronous speed but 
with a larger torque angle 6. 

What does the phasor diagram look like during this process? To find out, ex- 
amine the constraints on the machine during a load change. Figure 6—6a shows the 
motor’s phasor diagram before the loads are increased. The internal generated volt- 
age E, is equal to K@w and so depends on only the field current in the machine and 
the speed of the machine. The speed is constrained to be constant by the input 
power supply, and since no one has touched the field circuit, the field current is 
constant as well. Therefore, [E4| must be constant as the load changes. The dis- 
tances proportional to power (EZ, sin 6 and J, cos @) will increase, but the magni- 
tude of E, must remain constant. As the load increases, E, swings down in the 
manner shown in Figure 6-6b. As E, swings down further and further, the quantity 
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jXsl, has to increase to reach from the tip of E, to Vy, and therefore the armature 
current I, also increases. Notice that the power-factor angle @ changes too, becom- 
ing less and less leading and then more and more lagging. 


Example 6-1. A 208-V, 45-kVA, 0.8-PF-leading, A-connected, 60-Hz synchro- 
nous machine has a synchronous reactance of 2.5 () and a negligible armature resistance. 
Its friction and windage losses are 1.5 kW, and its core losses are 1.0 kW. Initially, the shaft 
is supplying a 15-hp load, and the motor’s power factor is 0.80 leading. 


(a) Sketch the phasor diagram of this motor, and find the values of I,, /;, and E,. 

(b) Assume that the shaft load is now increased to 30 hp. Sketch the behavior of the 
phasor diagram in response to this change. 

(c) Find I, /,, and E, after the load change. What is the new motor power factor? 


Solution 
(a) Initially, the motor’s output power is 15 hp. This corresponds to an output of 


P,,, = (15 hp\(0.746 KW/hp) = 11.19 kW 
Therefore, the electric power supplied to the machine is 


Pi, a Faw ae Prnech loss af Perales ag Pretec toss 
= 11.19kW+ 1.S5kW + 1OKW + O0kW = 13.69 kW 


Since the motor’s power factor is 0.80 leading, the resulting line current flow is 
P 


=e 


V3V;cos @ 


13.69 kW 


= 73208 V\(0.80) ~ 4794 


and the armature current is /,/V3 , with 0.8 leading power factor, which gives 
the result 
I, = 27.4 2 36.87°A 
To find E,, apply Kirchhoff’s voltage law [Equation (6—2)]: 
E, = Vo — jXsla 

= 208 2 0° V — (j2.5 1)(27.4 2 36.87° A) 

= 208 2 0° V — 68.5 2 126.87° V 

= 249.1 — j54.8 V = 255 2 —-12.4° V 


The resulting phasor diagram is shown in Figure 6—7a. 

(6) As the power on the shaft is increased to 30 hp, the shaft slows momentarily, and 
the internal generated voltage E, swings out to a larger angle 6 while maintain- 
ing a constant magnitude. The resulting phasor diagram is shown in Figure 6—7b. 

(c) After the load changes, the electric input power of the machine becomes 


Fig = Fox a Poaech toss + Fore os + Pretec toss 
= (30 hp\(0.746 kW/hp) + 1.5 kW + 1.0kW+0kW 
= 24.88 kW 
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FIGURE 6-7 
(a) The motor phasor diagram for Example 6—-1a. (b) The motor phasor diagram for Example 6-1b. 


From the equation for power in terms of torque angle [Equation (5-20)], it is pos- 
sible to find the magnitude of the angle 6 (remember that the magnitude of Ey is 
constant): 


3V,E, sin 6 
P= ogra he (5-20) 


so 6 = sin 
3V,E 4 


4) (2.5 024.88 kW) 
= si’ “"3(208 V\(255 V) 


= sin~' 0.391 = 23° 


The internal generated voltage thus becomes Ey = 355 2 —23° V. Therefore, 1, 
will be given by 


_ 208 20° V ~ 255 £~23°V 
72.50 
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FIGURE 6-8 
(a) A synchronous motor operating at a lagging power factor. (b) The effect of an increase in field 
current on the operation of this motor. 


_ 103.1.2105° V 


250 = 41.2 415°A 


and /, will become 
1, = V3, =714A 
The final power factor will be cos (— 15°) or 0.966 leading. 


The Effect of Field Current Changes on a 
Synchronous Motor 


We have seen how a change in shaft load on a synchronous motor affects the 
motor. There is one other quantity on a synchronous motor that can be readily 
adjusted—its field current. What effect does a change in field current have ona 
synchronous motor? 

To find out, look at Figure 6-8. Figure 6—-8a shows a synchronous motor int- 
tially operating at a lagging power factor. Now, increase its field current and see 
what happens to the motor. Note that an increase in field current increases the 
magnitude of E, but does not affect the real power supplied by the motor. The 
power supplied by the motor changes only when the shaft load torque changes. 
Since a change in /; does not affect the shaft speed 7,,, and since the load attached 
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FIGURE 6-9 
Ip Synchronous motor V curves. 


to the shaft is unchanged, the real power supplied is unchanged. Of course, V; is 
also constant, since it is kept constant by the power source supplying the motor. 
The distances proportional to power on the phasor diagram (E, sin 6 and J, cos 6) 
must therefore be constant. When the field current is increased, E, must increase, 
but it can only do so by sliding out along the line of constant power. This effect is 
shown in Figure 6—8b. 

Notice that as the value of E, increases, the magnitude of the armature cur- 
rent [, first decreases and then increases again. At low E,, the armature current is 
lagging, and the motor is an inductive load. It is acting like an inductor-resistor 
combination, consuming reactive power Q. As the field current is increased, the 
armature current eventually lines up with V,, and the motor looks purely resistive. 
As the field current is increased further, the armature current becomes leading, 
and the motor becomes a capacitive load. It is now acting like a capacitor-resistor 
combination, consuming negative reactive power —@Q or, alternatively, supplying 
reactive power Q to the system. 

A plot of Z, versus J; for a synchronous motor is shown in Figure 6-9. Such 
a plot is called a synchronous motor V curve, for the obvious reason that it is 
shaped like the letter V. There are several V curves drawn, corresponding to dif- 
ferent real power levels. For each curve, the minimum armature current occurs at 
unity power factor, when only real power is being supplied to the motor. At any 
other point on the curve, some reactive power is being supplied to or by the mo- 
tor as well. For field currents /ess than the value giving minimum J,, the armature 
current is lagging, consuming Q. For field currents greater than the value giving 
the minimum /,, the armature current is leading, supplying Q to the power system 
as a capacitor would. Therefore, by controlling the field current of a synchronous 
motor, the reactive power supplied to or consumed by the power system can be 
controlled. 

When the projection of the phasor E, onto V, (E, cos 8) is shorter than V, 
itself, a synchronous motor has a lagging current and consumes Q. Since the field 
current is small in this situation, the motor is said to be underexcited. On the other 
hand, when the projection of E, onto Vy is Jonger than Vy itself, a synchronous 
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(a) The phasor diagram of an underexcited synchronous motor. (b) The phasor diagram of an 
overexcited synchronous motor. 


motor has a leading current and supplies Q to the power system. Since the field 
current is large in this situation, the motor is said to be overexcited. Phasor dia- 
grams illustrating these concepts are shown in Figure 6-10. 


Example 6-2. The 208-V, 45-kVA, 0.8-PF-leading, A-connected, 60-Hz synchro- 
nous motor of the previous example is supplying a 15-hp load with an initial power factor 
of 0.85 PF lagging. The field current /, at these conditions is 4.0 A. 


(a) Sketch the initial phasor diagram of this motor, and find the values I, and Ey. 

(b) If the motor’s flux is increased by 25 percent, sketch the new phasor diagram of 
the motor. What are E,, I,, and the power factor of the motor now? 

(c) Assume that the flux in the motor varies linearly with the field current /;. Make 
a plot of /, versus /; for the synchronous motor with a 15-hp load. 


Solution 

(a) From the previous example, the electric input power with all the losses included 
is Pi, = 13.69 kW. Since the motor’s power factor is 0.85 lagging, the resulting 
armature current flow is 


P 


I, = 3V, cos 0 


__13.69kW 
= 3(208 Vx0.85) 784 


The angle @ is cos“! 0.85 = 31.8°, so the phasor current /, is equal to 
I, = 25.8 Z —31.8°A 
To find E,, apply Kirchhoff’s voltage law [Equation (6—2)]: 
E, = Vg — JXsla 
= 208 20° V — (2.5 1)(25.8 Z —31.8° A) 
= 208 20° V — 64.5 258.2°V 
= 182 2 -17.5°V 


The resulting phasor diagram is shown in Figure 6-11, together with the results 
for part b. 
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FIGURE 6-11 
The phasor diagram of the motor in Example 6-2. 


(5) If the flux @ is increased by 25 percent, then E, = Kw will increase by 25 per- 
cent too: 


Egy = 1.25 Ey, = 1.25(182 V) = 227.5V 


However, the power supplied to the load must remain constant. Since the dis- 
tance E, sin 6 is proportional to the power, that distance on the phasor diagram 
must be constant from the original flux level to the new flux level. Therefore, 


Ea sin 6, = Ey sin 6, 


E 
& = sin (at sin 3, 
A2 


ty pe if SEB Ve ae 5 
= sin Eau 17.5 )| = 13.9 


The armature current can now be found from Kirchhoff’s voltage law: 


_ *@ "a2 
‘A2 iXs 
y, = 208. 20° V = 227.5 Z~13.9° V 
A j2.50 
_ 56.22103.2°V _ 
ia 7 22.5 213.2°A 


Finally, the motor’s power factor is now 
PF = cos (13.2°) = 0.974 leading 


The resulting phasor diagram is also shown in Figure 6-11. 

(c) Because the flux is assumed to vary linearly with field current, E, will also vary 
linearly with field current. We know that £, is 182 V for a field current of 4.0A, 
so E, for any given field current can be found from the ratio 


Ex Trp 


182V  40A 
or Ear = 45.5 Ir (6-5) 
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The torque angle 6 for any given field current can be found from the fact that 
the power supplied to the load must remain constant: 


E,, sin 6; = Ey, sin 6, 
so 6, = sin”! (i sin 6,) (6-6) 
These two pieces of information give us the phasor voltage Ey. Once Ey is avail- 
able, the new armature current can be calculated from Kirchhoff’s voltage law: 
I> = Jo Az (6-7) 
A MATLAB M-file to calculate and plot J, versus /- using Equations (6-5) 
through (6-7) is shown below: 


% M-file: v_curve.m 
M-file create a plot of armature current versus field 
% current for the synchronous motor of Example 6-2. 


ge 


% First, initialize the field current values (21 values 
% in the range 3.8-5.8 A) 
i_f = (38:1:58) / 10; 


% Now initialize all other values 


i_a = zeros(1,21); % Pre-allocate i_a array 

X_S = 2.5; % Synchronous reactance 
v_phase = 208; % Phase voltage at 0 degrees 
deltal = -17.5 * pi/180; % delta 1 in radians 


eal = 182 * (cos(deltal) + j * sin(deltal)); 


% Calculate the armature current for each value 
for ii = 1:21 

% Calculate magnitude of e_a2 

e a2 = 45.5 * i_f(ii); 


% Calculate delta2 
delta2 = asin ( abs(e_al) / abs(e_a2) * sin(deltal) ); 


% Calculate the phasor e_a2 
@.a2 = e@.a2* (cos(delta2) + j * sin(delta2)); 


% Calculate i_a 
i_a(ii) = ( v_phase - e_a2 ) / ( j * x_S); 
end 


% Plot the v-curve 

plot (i_f,abs(i_a),'Color','k', 'Linewidth',2.0); 
xlabel('Field Current (A)','Fontweight','Bold'); 
ylabel('Armature Current (A)', 'Fontweight','Bold'); 
title ('Synchronous Motor V-Curve','Fontweight','Bold'); 


grid on; 


The plot produced by this M-file is shown in Figure 6-12. Note that for a field current of 
4.0 A, the armature current is 25.8 A. This result agrees with part @ of this example. 
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FIGURE 6-12 
V curve for the synchronous motor of Example 6-2. 


The Synchronous Motor and 
Power-Factor Correction 


Figure 6—13 shows an infinite bus whose output is connected through a transmis- 
sion line to an industrial plant at a distant point. The industrial plant shown con- 
sists of three loads. Two of the loads are induction motors with lagging power fac- 
tors, and the third load is a synchronous motor with a variable power factor. 

What does the ability to set the power factor of one of the loads do for the 
power system? To tind out, examine the following example problem. (Note: A re- 
view of the three-phase power equations and their uses is given in Appendix A. 
Some readers may wish to consult it when studying this problem.) 


Example 6-3. The infinite bus in Figure 6-13 operates at 480 V. Load 1 is an in- 
duction motor consuming 100 kW at 0.78 PF lagging, and load 2 is an induction motor con- 


suming 200 kW at 0.8 PF lagging. Load 3 is a synchronous motor whose real power con- 
sumption is 150 kW. 


(a) If the synchronous motor is adjusted to operate at 0.85 PF lagging, what is the 
transmission line current in this system? 

(6) If the synchronous motor is adjusted to operate at 0.85 PF leading, what is the 
transmission line current in this system? 

(c) Assume that the transmission line losses are given by 


P., = 317R, _ line loss 


where LL stands for line losses. How do the transmission losses compare in the 
two cases? 
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FIGURE 6-13 
A simple power system consisting of an infinite bus supplying an industrial plant through a 
transmission line. 


Solution 
(a) In the first case, the real power of load 1 is 100 kW, and the reactive power of 
load 1 is 
Q, = P, tan é 
= (100 kW) tan (cos“! 0.78) = (100 kW) tan 38.7° 
= 80.2 KVAR 
The real power of load 2 is 200 k W, and the reactive power of load 2 is 
Q, = P, tan 8 
= (200 kW) tan (cos! 0.80) = (200 kW) tan 36.87° 
= 150 kVAR 
The real power load 3 is 150 kW, and the reactive power of load 3 is 
Q; = P; tan é 
= (150 kW) tan (cos! 0.85) = (150 kW) tan 31.8° 
= 93 kKVAR 
Thus, the total real load is 


Pog= Py + Ps +P; 
= 100kW + 200 kW + 150 kW = 450 kW 
and the total reactive load is 
Pror = Qi + Q2 + Q3 
= 80.2 kKVAR + ISO KVAR + 93 kKVAR = 323.2 kVAR 


The equivalent system power factor is thus 


—1 323.2 KvAR) 


= 2 a2). — 
PF = cos @ = cos (tan g| = cos (tan 450 kW 


= cos 35.7° = 0.812 lagging 
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Finally, the line current is given by 


Prot 450 kW 


= VBV,.cos @  V3(480 V)\(0.812) 7 A 


f 


(b) The real and reactive powers of loads | and 2 are unchanged, as is the real 
power of load 3. The reactive power of load 3 is 


Q, = P; tan 0 
= (150 kW) tan (—cos"! 0.85) = (150 kW) tan (-31.8°) 
= —93 kVAR 
Thus, the total real load is 
Pit = Py + Po + P; 
= 100 kW + 200 kW + 150 kW = 450 kW 


and the total reactive load is 


Orn = Q1 + OQ. + O35 
= 80.2 kVAR + 150 kKVAR — 93 KVAR = 137.2 KVAR 


The equivalent system power factor is thus 


2 ites Vis _, 137.2 KVAR) 
PF = cos @ = cos (tan 2) = cos (tan 450kW 


= cos 16.96° = 0.957 lagging 


Finally, the line current is given by 


1 =— fo  _ __ 450 kW 
L ~~ V3V, cos 8 -V3(480 V)(0.957) 


(c) The transmission losses in the first case are 
Py = 3I7R, = 3(667 A)?R, = 1,344,700 R, 
The transmission losses in the second case are 
Pi, = 317R, = 3(566 A)?R, = 961,070 R, 


Notice that in the second case the transmission power losses are 28 percent less 
than in the first case, while the power supplied to the loads is the same. 


As seen in the preceding example, the ability to adjust the power factor of 
one or more loads in a power system can significantly affect the operating effi- 
ciency of the power system. The lower the power factor of a system, the greater 
the losses in the power lines feeding it. Most loads on a typical power system are 
induction motors, so power systems are almost invariably lagging in power factor. 
Having one or more leading loads (overexcited synchronous motors) on the sys- 
tem can be useful for the following reasons: 


1. A leading load can supply some reactive power Q for nearby lagging loads, 
instead of it coming from the generator. Since the reactive power does not 
have to travel over the long and fairly high-resistance transmission lines, the 
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transmission line current is reduced and the power system losses are much 
lower. (This was shown by the previous example.) 


2. Since the transmission lines carry less current, they can be smaller for a given 
tated power flow. A lower equipment current rating reduces the cost of a 
power system significantly. 


3. In addition, requiring a synchronous motor to operate with a leading power 
factor means that the motor must be run overexcited. This mode of operation 
increases the motor’s maximum torque and reduces the chance of acciden- 
tally exceeding the pullout torque. 


The use of synchronous motors or other equipment to increase the overall 
power factor of a power system is called power-factor correction, Since a syn- 
chronous motor can provide power-factor correction and lower power system 
costs, many loads that can accept a constant-speed motor (even though they do not 
necessarily need one) are driven by synchronous motors. Even though a synchro- 
nous motor may cost more than an induction motor on an individual basis, the 
ability to operate a synchronous motor at leading power factors for power-factor 
correction saves money for industrial plants. This results in the purchase and use 
of synchronous motors. 

Any synchronous motor that exists in a plant is run overexcited as a matter 
of course to achieve power-factor correction and to increase its pullout torque. 
However, running a synchronous motor overexcited requires a high field current 
and flux, which causes significant rotor heating. An operator must be careful not 
to overheat the field windings by exceeding the rated field current. 


The Synchronous Capacitor or 
Synchronous Condenser 


A synchronous motor purchased to drive a load can be operated overexcited to 
supply reactive power Q for a power system. In fact, at some times in the past a 
synchronous motor was purchased and run without a load, simply for power- 
factor correction. The phasor diagram of a synchronous motor operating overex- 
cited at no load is shown in Figure 6-14. 

Since there is no power being drawn from the motor, the distances propor- 
tional to power (E, sin 6 and J, cos @) are zero. Since the Kirchhoff’s voltage law 
equation for a synchronous motor is 


V, = Ey + iXsly (6-1) 
lL 


IXsl4 FIGURE 6-14 
The phasor diagram of a synchronous 
Ye ‘As capacitor or synchronous condenser. 
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FIGURE 6-15 
(a) The V curve of a synchronous capacitor. (b) The corresponding machine phasor diagram. 


the quantity jX,I, points to the left, and therefore the armature current I, points 
straight up. If V, and I, are examined, the voltage-current relationship between 
them looks like that of a capacitor. An overexcited synchronous motor at no load 
looks just like a large capacitor to the power system. 

Some synchronous motors used to be sold specifically for power-factor cor- 
rection. These machines had shafts that did not even come through the frame of 
the motor—no load could be connected to them even if one wanted to do so. Such 
special-purpose synchronous motors were often called synchronous condensers or 
synchronous capacitors. (Condenser is an old name for capacitor.) 

The V curve for a synchronous capacitor is shown in Figure 6—15a. Since 
the real power supplied to the machine is zero (except for losses), at unity power 
factor the current Z, = O. As the field current is increased above that point, the line 
current (and the reactive power supplied by the motor) increases in a nearly linear 
fashion until saturation is reached. Figure 6—15b shows the effect of increasing the 
field current on the motor’s phasor diagram. 

Today, conventional static capacitors are more economical to buy and use 
than synchronous capacitors. However, some synchronous capacitors may still be 
in use in older industrial plants. 


6.3 STARTING SYNCHRONOUS MOTORS 


Section 6.2 explained the behavior of a synchronous motor under steady-state 
conditions. In that section, the motor was always assumed to be initially turning 
at synchronous speed. What has not yet been considered is the question: How did 
the motor get to synchronous speed in the first place? 

To understand the nature of the starting problem, refer to Figure 6-16. This 
figure shows a 60-Hz synchronous motor at the moment power is applied to its 
stator windings. The rotor of the motor is stationary, and therefore the magnetic 
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Starting problems in a synchronous motor—the torque alternates rapidly in magnitude and direction, 
so that the net starting torque is zero. 


field Bz is stationary. The stator magnetic field B, is starting to sweep around the 
motor at synchronous speed. 

Figure 6—16a shows the machine at time tf = 0s, when By and Bs are exactly 
lined up. By the induced-torque equation 


Tigg = KBy x Bs (4-58) 


the induced torque on the shaft of the rotor is zero. Figure 6-16b shows the situa- 
tion at time f = 1/240 s. In such a short time, the rotor has barely moved, but the 
stator magnetic field now points to the left. By the induced-torque equation, the 
torque on the shaft of the rotor is now counterclockwise. Figure 6-16c shows 
the situation at time f = 1/120 s. At that point Bz and By point in opposite direc- 
tions, and 7,,g again equals zero. At f = 1/60 s, the stator magnetic field now 
points to the right, and the resulting torque is clockwise. 

Finally, at f = 1/60 s, the stator magnetic field is again lined up with the ro- 
tor magnetic field, and 7,4 = 0. During one electrical cycle, the torque was first 
counterclockwise and then clockwise, and the average torque over the complete 
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cycle was zero. What happens to the motor is that it vibrates heavily with each 
electrical cycle and finally overheats. 

Such an approach to synchronous motor starting is hardly satisfactory— 
managers tend to frown on employees who burn up their expensive equipment. So 
just how can a synchronous motor be started? 

Three basic approaches can be used to safely start a synchronous motor: 


1. Reduce the speed of the stator magnetic field to a low enough value that the 
rotor can accelerate and lock in with it during one half-cycle of the magnetic 
field’s rotation. This can be done by reducing the frequency of the applied 
electric power. 


2. Use an external prime mover to accelerate the synchronous motor up to syn- 
chronous speed, go through the paralleling procedure, and bring the machine 
on the line as a generator. Then, turning off or disconnecting the prime mover 
will make the synchronous machine a motor. 


. Use damper windings or amortisseur windings. The function of damper 
windings and their use in motor starting will be explained below. 


ad 


Each of these approaches to synchronous motor starting will be described 
in turn. 


Motor Starting by Reducing Electrical Frequency 


If the stator magnetic fields in a synchronous motor rotate at a low enough speed, 
there will be no problem for the rotor to accelerate and to lock in with the stator 
magnetic field. The speed of the stator magnetic fields can then be increased to 
operating speed by gradually increasing fZ up to its normal 50- or 60-Hz value. 

This approach to starting synchronous motors makes a lot of sense, but it 
does have one big problem: Where does the variable electrical frequency come 
from? Regular power systems are very carefully regulated at 50 or 60 Hz, so un- 
til recently any variable-frequency voltage source had to come from a dedicated 
generator. Such a situation was obviously impractical except for very unusual 
circumstances. 

Today, things are different. Chapter 3 described the rectifier-inverter and the 
cycloconverter, which can be used to convert a constant input frequency to any de- 
sired output frequency. With the development of such modern solid-state variable- 
frequency drive packages, it is perfectly possible to continuously control the elec- 
trical frequency applied to the motor all the way from a fraction of a hertz up to and 
above full rated frequency. If such a variable-frequency drive unit is included ina 
motor-control circuit to achieve speed control, then starting the synchronous motor 
is very easy—simply adjust the frequency to a very low value for starting, and then 
raise it up to the desired operating frequency for normal running. 

When a synchronous motor is operated at a speed lower than the rated 
speed, its internal generated voltage E, = K@w will be smaller than normal. If E, 
is reduced in magnitude, then the terminal voltage applied to the motor must be 
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reduced as well in order to keep the stator current at safe levels. The voltage in 
any variable-frequency drive or variable-frequency starter circuit must vary 
roughly linearly with the applied frequency. 

To learn more about such solid-state motor-drive units, refer to Chapter 3 
and Reference 9. 


Motor Starting with an External Prime Mover 


The second approach to starting a synchronous motor is to attach an external start- 
ing motor to it and bring the synchronous machine up to full speed with the ex- 
ternal motor. Then the synchronous machine can be paralleled with its power sys- 
tem as a generator, and the starting motor can be detached from the shaft of the 
machine. Once the starting motor is turned off, the shaft of the machine slows 
down, the rotor magnetic field Bz falls behind B,,,, and the synchronous machine 
starts to act as a motor. Once paralleling 1s completed, the synchronous motor can 
be loaded down in an ordinary fashion. 

This whole procedure is not as preposterous as it sounds, since many syn- 
chronous motors are parts of motor-generator sets, and the synchronous machine 
in the motor-generator set may be started with the other machine serving as the 
starting motor. Also, the starting motor only needs to overcome the inertia of the 
synchronous machine without a load—no load is attached until the motor is par- 
alleled to the power system. Since only the motor’s inertia must be overcome, the 
starting motor can have a much smaller rating than the synchronous motor it 
starts. 

Since most large synchronous motors have brushless excitation systems 
mounted on their shafts, it is often possible to use these exciters as starting motors. 

For many medium-size to large synchronous motors, an external starting 
motor or starting by using the exciter may be the only possible solution, because 
the power systems they are tied to may not be able to handle the starting currents 
needed to use the amortisseur winding approach described next. 


Motor Starting by Using Amortisseur Windings 


By far the most popular way to start a synchronous motor is to employ amortisseur 
or damper windings. Amortisseur windings are special bars laid into notches 
carved in the face of a synchronous motor’s rotor and then shorted out on each end 
by a large shorting ring. A pole face with a set of amortisseur windings is shown in 
Figure 6-17, and amortisseur windings are visible in Figures 5—2 and 5-4. 

To understand what a set of amortisseur windings does in a synchronous 
motor, examine the stylized salient two-pole rotor shown in Figure 6-18. This ro- 
tor shows an amortisseur winding with the shorting bars on the ends of the two ro- 
tor pole faces connected by wires. (This is not quite the way normal machines are 
constructed, but it will serve beautifully to illustrate the point of the windings.) 

Assume initially that the main rotor field winding ts disconnected and that a 
three-phase set of voltages is applied to the stator of this machine. When the 
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FIGURE 6-17 

Arotor field pole for a synchronous 
machine showing amortisseur 
windings in the pole face. (Courtesy 
of General Electric Company.) 


Shorting 
bars 


Shorting 
bars 


FIGURE 6-18 

A simplified diagram of a salient two- 
pole machine showing amortisseur 
windings. 


power is first applied at time ¢ = Os, assume that the magnetic field By is vertical, 
as shown in Figure 6-19a. As the magnetic field Bs sweeps along in a counter- 
clockwise direction, it induces a voltage in the bars of the amortisseur winding 
given by Equation (1-45): 


where 


ng = (Vx Bel (1-45) 


< 
| 


= velocity of the bar relative to the magnetic field 
B = magnetic flux density vector 
] = length of conductor in the magnetic field 
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The development of a unidirectional torque with synchronous motor amortisseur windings. 


The bars at the top of the rotor are moving to the right relative to the magnetic 
field, so the resulting direction of the induced voltage is out of the page. Similarly, 
the induced voltage is into the page in the bottom bars. These voltages produce a 
current flow out of the top bars and into the bottom bars, resulting in a winding 
magnetic field By pointing to the right. By the induced-torque equation 
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Ting = KBy x Bs 


the resulting torque on the bars (and the rotor) is counterclockwise. 

Figure 6-—19b shows the situation at ¢ = 1/240 s. Here, the stator magnetic 
field has rotated 90° while the rotor has barely moved (it simply cannot speed up 
in so short a time). At this point, the voltage induced in the amortisseur windings 
is zero, because v is parallel to B. With no induced voltage, there is no current in 
the windings, and the induced torque is zero. 

Figure 6-19c shows the situation at ¢ = 1/120 s. Now the stator magnetic 
field has rotated 90°, and the rotor still has not moved yet. The induced voltage 
[given by Equation (1-45)] in the amortisseur windings is out of the page in the 
bottom bars and into the page in the top bars. The resulting current flow is out of 
the page in the bottom bars and into the page in the top bars, causing a magnetic 
field By to point to the left. The resulting induced torque, given by 


Ting = KBy x B, 


is counterclockwise. 

Finally, Figure 6—19d shows the situation at time t = 3/240 s. Here, as at 
t = 1/240s, the induced torque is zero. 

Notice that sometimes the torque is counterclockwise and sometimes it is 
essentially zero, but it is always unidirectional. Since there is a net torque in a sin- 
gle direction, the motor’s rotor speeds up. (This is entirely different from starting 
a synchronous motor with its normal field current, since in that case torque is first 
clockwise and then counterclockwise, averaging out to zero. In this case, torque is 
always in the same direction, so there is a nonzero average torque.) 

Although the motor’s rotor will speed up, it can never quite reach synchro- 
nous speed. This is easy to understand. Suppose that a rotor is turning at synchro- 
nous speed. Then the speed of the stator magnetic field B, is the same as the ro- 
tor’s speed, and there is no relative motion between Bg and the rotor. If there is no 
relative motion, the induced voltage in the windings will be zero, the resulting 
current flow will be zero, and the winding magnetic field will be zero. Therefore, 
there will be no torque on the rotor to keep it turning. Even though a rotor cannot 
speed up all the way to synchronous speed, it can get close. It gets close enough 
lO Myae that the regular field current can be turned on, and the rotor will pull into 
step with the stator magnetic fields. 

In areal machine, the field windings are not open-circuited during the start- 
ing procedure. If the field windings were open-circuited, then very high voltages 
would be produced in them during starting. If the field winding is short-circuited 
during starting, no dangerous voltages are produced, and the induced field current 
actually contributes extra starting torque to the motor. 

To summarize, if a machine has amortisseur windings, it can be started by 
the following procedure: 


1. Disconnect the field windings from their dc power source and short them out. 
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2. Apply a three-phase voltage to the stator of the motor, and let the rotor accel- 
erate up to near-synchronous speed. The motor should have no load on its 
shaft, so that its speed can approach n,,,, as closely as possible. 


3. Connect the de field circuit to its power source. After this is done, the motor 
will lock into step at synchronous speed, and loads may then be added to its 
shaft. 


The Effect of Amortisseur Windings 
on Motor Stability 


If amortisseur windings are added to a synchronous machine for starting, we get 
a free bonus—an increase in machine stability. The stator magnetic field rotates at 
a constant speed 7,,,,, which varies only when the system frequency varies. If the 
rotor turns at n,,,., then the amortisseur windings have no induced voltage at all. 
If the rotor turns slower than 7,,,., then there will be relative motion between the 
rotor and the stator magnetic field and a voltage will be induced in the windings. 
This voltage produces a current flow, and the current flow produces a magnetic 
field. The interaction of the two magnetic fields produces a torque that tends to 
speed the machine up again. On the other hand, if the rotor turns faster than the 
stator magnetic field, a torque will be produced that tries to slow the rotor down. 
Thus, the torque produced by the amortisseur windings speeds up slow machines 
and slows down fast machines. 

These windings therefore tend to dampen out the load or other transients on 
the machine. It is for this reason that amortisseur windings are also called damper 
windings. Amortisseur windings are also used on synchronous generators, where 
they serve a similar stabilizing function when a generator is operating in parallel 
with other generators on an infinite bus. If a variation in shaft torque occurs on the 
generator, its rotor will momentarily speed up or slow down, and these changes 
will be opposed by the amortisseur windings. Amortisseur windings improve the 
overall stability of power systems by reducing the magnitude of power and torque 
transients. 

Amortisseur windings are responsible for most of the subtransient current in 
a faulted synchronous machine. A short circuit at the terminals of a generator is 
just another form of transient, and the amortisseur windings respond very quickly 
to il. 


64 SYNCHRONOUS GENERATORS AND 
SYNCHRONOUS MOTORS 


A synchronous generator is a synchronous machine that converts mechanical 
power to electric power, while a synchronous motor is a synchronous machine 
that converts electric power to mechanical power. In fact, they are both the same 
physical machine. 


372 ELECTRIC MACHINERY FUNDAMENTALS 


Supply Consume 
reactive power E,cosé>V, | reactive power E, cos d< Vy 


Q Q 


Supply 
power 


a] 


Generator 


E, leads 


\ 


Consume 
power 


FIGURE 6-20 
Phasor diagrams showing the generation and consumption of real power P and reactive power @ by 
synchronous generators and motors. 


A synchronous machine can supply real power to or consume real power 
from a power system and can supply reactive power to or consume reactive power 
from a power system. All four combinations of real and reactive power flows are 
possible, and Figure 6-20 shows the phasor diagrams for these conditions. 

Notice from the figure that 


1. The distinguishing characteristic of a synchronous generator (supplying P) is 
that E, lies ahead of V4 while for a motor Ey, lies behind V4. 

2. The distinguishing characteristic of a machine supplying reactive power Q is 
that E, cos 6 > V, regardless of whether the machine is acting as a generator or 
as a motor. A machine that is consuming reactive power Q has E, cos 6< V4. 


6.5 SYNCHRONOUS MOTOR RATINGS 


Since synchronous motors are the same physical machines as synchronous genera- 
tors, the basic machine ratings are the same. The one major difference is that a large 
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FIGURE 6-21 
A typical nameplate for a large synchronous motor. (Courtesy of General Electric Company.) 


E, gives a leading power factor instead of a lagging one, and therefore the effect of 
the maximum field current limit is expressed as a rating at a /eading power factor. 
Also, since the output of a synchronous motor is mechanical power, a synchronous 
motor’s power rating is usually given in horsepower rather than kilowatts. 

The nameplate of a large synchronous motor is shown in Figure 6-21. In 
addition to the information shown in the figure, a smaller synchronous motor 
would have a service factor on its nameplate. 

In general, synchronous motors are more adaptable to low-speed, high- 
power applications than induction motors (see Chapter 7). They are therefore 
commonly used for low-speed, high-power loads. 


6.6 SUMMARY 


A synchronous motor is the same physical machine as a synchronous generator, 
except that the direction of real power flow is reversed. Since synchronous motors 
are usually connected to power systems containing generators much larger than 
the motors, the frequency and terminal voltage of a synchronous motor are fixed 
(i.e., the power system looks like an infinite bus to the motor). 

The speed of a synchronous motor is constant from no load to the maximum 
possible load on the motor. The speed of rotation is 


120£ 
Am = Reyne = P 


The maximum possible power a machine can produce is 


3V.E 
ox = oe ‘A (5-21) 
Ss 
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If this value is exceeded, the rotor will not be able to stay locked in with the sta- 
tor magnetic fields, and the motor will slip poles. 

If the field current of a synchronous motor is varied while its shaft load re- 
mains constant, then the reactive power supplied or consumed by the motor will 
vary. If E, cos 6 > V,, the motor will supply reactive power, while if E, cos 6 < Vj, 
the motor will consume reactive power. 

A synchronous motor has no net starting torque and so cannot start by itself. 
There are three main ways to start a synchronous motor: 


1. Reduce the stator frequency to a safe starting level. 
2. Use an external prime mover. 


3. Put amortisseur or damper windings on the motor to accelerate it to near- 
synchronous speed before a direct current is applied to the field windings. 


If damper windings are present on a motor, they will also increase the sta- 
bility of the motor during load transients. 


QUESTIONS 


6-1. What is the difference between a synchronous motor and a synchronous generator? 
6-2. What is the speed regulation of a synchronous motor? 
6-3. When would a synchronous motor be used even though its constant-speed charac- 
teristic was not needed? 
6—4. Why can’t a synchronous motor start by itself? 
6-5. What techniques are available to start a synchronous motor? 
6-6. What are amortisseur windings? Why is the torque produced by them unidirectional 
at starting, while the torque produced by the main field winding alternates direction? 
6-7, What is a synchronous capacitor? Why would one be used? 
6-8. Explain, using phasor diagrams, what happens to a synchronous motor as its field 
current is varied. Derive a synchronous motor V curve from the phasor diagram. 
6-9, Is a synchronous motor’s field circuit in more danger of overheating when it is op- 
erating at a leading or at a lagging power factor? Explain, using phasor diagrams. 
6-10. A synchronous motor is operating at a fixed real load, and its field current is in- 
creased. If the armature current falls, was the motor initially operating at a lagging 
or a leading power factor? 
6-11. Why must the voltage applied to a synchronous motor be derated for operation at 
frequencies lower than the rated value? 


PROBLEMS 


6-1. A 480-V, 60 Hz four-pole synchronous motor draws 50 A from the line at unity 
power factor and full load. Assuming that the motor is lossless, answer the follow- 
ing questions: 

(a) What is the output torque of this motor? Express the answer both in newton- 
meters and in pound-feet. 


6-2. 


6-3. 


6-4. 


6-5. 


6-6. 
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(b) What must be done to change the power factor to 0.8 leading? Explain your an- 
swer, using phasor diagrams. 

(c) What will the magnitude of the line current be if the power factor is adjusted to 
0.8 leading? 

A 480-V, 60 Hz 400-hp, 0.8-PF-leading, six-pole, A-connected synchronous motor 

has a synchronous reactance of 1.1 (2 and negligible armature resistance. Ignore its 

friction, windage, and core losses for the purposes of this problem. 

(a) If this motor is initially supplying 400 hp at 0.8 PF lagging, what are the mag- 
nitudes and angles of E, and I,? 

(b) How much torque is this motor producing? What is the torque angle 6? How 
near is this value to the maximum possible induced torque of the motor for this 
field current setting? 

(c) If IE,l is increased by 15 percent, what is the new magnitude of the armature 
current? What is the motor’s new power factor? 

(d) Calculate and plot the motor’s V curve for this load condition. 

A 2300-V, 1000-hp, 0.8-PF leading, 60-Hz, two-pole, Y-connected synchronous mo- 

tor has a synchronous reactance of 2.8 () and an armature resistance of 0.4 1. At 60 

Hz, its friction and windage losses are 24 kW, and its core losses are 18 kW. The 

field circuit has a de voltage of 200 V, and the maximum /; is 10 A. The open-circuit 

characteristic of this motor is shown in Figure P6—1. Answer the following ques- 
tions about the motor, assuming that it is being supplied by an infinite bus. 

(a) How much field current would be required to make this machine operate at 
unity power factor when supplying full load? 

(b) What is the motor’s efficiency at full load and unity power factor? 

(c) If the field current were increased by 5 percent, what would the new value of 
the armature current be? What would the new power factor be? How much re- 
active power is being consumed or supplied by the motor? 

(d) What is the maximum torque this machine is theoretically capable of supplying 
at unity power factor? At 0.8 PF leading? 

Plot the V curves (/, versus /-) for the synchronous motor of Problem 6-3 at no- 
load, half-load, and full-load conditions. (Note that an electronic version of the 
open-circuit characteristics in Figure P6—1 is available at the book’s website. It may 
simplify the calculations required by this problem. Also, you may assume that R, is 
negligible for this calculation.) 

If a 60-Hz synchronous motor is to be operated at 50 Hz, will its synchronous reac- 
tance be the same as at 60 Hz, or will it change? (Hint: Think about the derivation 
of Xs.) 

A 480-V, 100-kW, 0.85-PF-leading, 50-Hz, six-pole, Y-connected synchronous mo- 
tor has a synchronous reactance of 1.5 © and a negligible armature resistance. The 
rotational losses are also to be ignored. This motor is to be operated over a continu- 
ous range of speeds from 300 to 1000 r/min, where the speed changes are to be ac- 
complished by controlling the system frequency with a solid-state drive. 

(a) Over what range must the input frequency be varied to provide this speed con- 
trol range? 

(b) How large is E, at the motor’s rated conditions? 

(c) What is the maximum power that the motor can produce at rated speed with the 
E, calculated in part (b)? 

(d@) What is the largest E, could be at 300 r/min? 
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The open-circuit characteristic for the motor in Problems 6-3 and 6-4. 


(e) Assuming that the applied voltage V, is derated by the same amount as E,, 
what is the maximum power the motor could supply at 300 r/min? 
(f) How does the power capability of a synchronous motor relate to its speed? 

6-7. A 208-V, Y-connected synchronous motor is drawing 40 A at unity power factor 
from a 208-V power system. The field current flowing under these conditions is 
2.7 A. Its synchronous reactance is 0.8 2. Assume a linear open-circuit characteristic. 
(a) Find the torque angle 6. 

(b) How much field current would be required to make the motor operate at 0.8 PF 
leading? 
(c) What is the new torque angle in part 5? 

6-8. Asynchronous machine has a synchronous reactance of 2.0 2 per phase and an ar- 
mature resistance of 0.4 ©) per phase. If E, = 460 2 -8° V and Vy = 480 2 0° V, is 
this machine a motor or a generator? How much power P is this machine consum- 
ing from or supplying to the electrical system? How much reactive power Q is this 
machine consuming from or supplying to the electrical system? 
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6-9. Figure P6—2 shows a synchronous motor phasor diagram for a motor operating at a 


6-10. 


6-11 


leading power factor with no R,. For this motor, the torque angle is given by 


Xf, cos 0 
tan 6 = V+ Xl, sin 0 
os Xgl, cos 6 
= | Np) (een wr « ican 
ia 7 + Xgl, sin 0 


Derive an equation for the torque angle of the synchronous motor if the armature re- 
sistance is included. 
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FIGURE P6-2 
Phasor diagram of a motor at a leading power factor. 


A 480-V, 375-k VA, 0.8-PF-lagging, Y-connected synchronous generator has a syn- 

chronous reactance of 0.4 © and a negligible armature resistance. This generator is 

supplying power to a 480-V, 80-kW, 0.8-PF-leading, Y-connected synchronous mo- 

tor with a synchronous reactance of 1.1 (2) and a negligible armature resistance. The 

synchronous generator is adjusted to have a terminal voltage of 480 V when the mo- 

tor is drawing the rated power at unity power factor. 

(a) Calculate the magnitudes and angles of E, for both machines. 

(b) If the flux of the motor is increased by 10 percent, what happens to the termi- 
nal voltage of the power system? What is its new value? 

(c) What is the power factor of the motor after the increase in motor flux? 

A 480-V, 100-kW, 50-Hz, four-pole, Y-connected synchronous motor has a rated 

power factor of 0.85 leading. At full load, the efficiency is 91 percent. The armature 

resistance is 0,08 ©, and the synchronous reactance is 1.0 2. Find the following 

quantities for this machine when it is operating at full load: 

(a) Output torque 

(b) Input power 

(Cc) Ny 

(d) Fy, 

(e) IIjl 

) Frcav 

(g) Parech + Leore ae Pscay 
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6-12. 


6-13. 


6-14, 


6-15. 


6-16. 
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The Y-connected synchronous motor whose nameplate is shown in Figure 6—21 has 

a per-unit synchronous reactance of 0.9 and a per-unit resistance of 0.02. 

(a) What is the rated input power of this motor? 

(b) What is the magnitude of E, at rated conditions? 

(c) If the input power of this motor is 10 MW, what is the maximum reactive 
power the motor can simultaneously supply? Is it the armature current or the 
field current that limits the reactive power output? 

(d) How much power does the field circuit consume at the rated conditions? 

(e) What is the efficiency of this motor at full load? 

(f) What is the output torque of the motor at the rated conditions? Express the an- 
swer both in newton-meters and in pound-feet. 

A 440-V, three-phase, Y-connected synchronous motor has a synchronous reactance 

of 1.5 per phase. The field current has been adjusted so that the torque angle 6 is 

28° when the power supplied by the generator is 90 kW. 

(a) What is the magnitude of the internal generated voltage E, in this machine? 

(b) What are the magnitude and angle of the armature current in the machine? 
What is the motor’s power factor? 

(c) If the field current remains constant, what is the absolute maximum power this 
motor could supply? 

A 460-V, 200-k VA, 0.80-PF-leading, 400-Hz, six-pole, Y-connected synchronous 

motor has negligible armature resistance and a synchronous reactance of 0.50 per 

unit, Ignore all losses. 

(a) What is the speed of rotation of this motor? 

(b) What is the output torque of this motor at the rated conditions? 

(c) What is the internal generated voltage of this motor at the rated conditions? 

(d) With the field current remaining at the value present in the motor in part c, what 
is the maximum possible output power from the machine? 

A 100-hp, 440-V, 0.8-PF-leading, A-connected synchronous motor has an armature 

resistance of 0.22 (1) and a synchronous reactance of 3.0 2. Its efficiency at full load 
is 89 percent. 

(a) What is the input power to the motor at rated conditions? 

(b) What is the line current of the motor at rated conditions? What is the phase cur- 
rent of the motor at rated conditions? 

(c) What is the reactive power consumed by or supplied by the motor at rated 
conditions? 

(d) What is the internal generated voltage E, of this motor at rated conditions? 

(e) What are the stator copper losses in the motor at rated conditions? 

(f) What is Pyogy at rated conditions? 

(g) If E, is decreased by 10 percent, how much reactive power will be consumed 
by or supplied by the motor? 

Answer the following questions about the machine of Problem 6-15. 

(a) If Ey = 430 Z 13.5° V and V, = 440 Z 0° V, is this machine consuming real 
power from or supplying real power to the power system? Is it consuming re- 
active power from or supplying reactive power to the power system? 

(b) Calculate the real power P and reactive power Q supplied or consumed by the 
machine under the conditions in part a. Is the machine operating within its rat- 
ings under these circumstances? 
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(c) If E, = 470 Z -12° V and V, = 440 Z 0° FV, is this machine consuming real 
power from or supplying real power to the power system? Is it consuming re- 
active power from or supplying reactive power to the power system? 

(d) Calculate the real power P and reactive power Q supplied or consumed by the 
machine under the conditions in part c. Is the machine operating within its rat- 
ings under these circumstances? 
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CHAPTER 


INDUCTION MOTORS 


[ the last chapter, we saw how amortisseur windings on a synchronous motor 
could develop a starting torque without the necessity of supplying an external 
field current to them. In fact, amortisseur windings work so well that a motor 
could be built without the synchronous motor’s main dc field circuit at all. A ma- 
chine with only amortisseur windings is called an induction machine. Such ma- 
chines are called induction machines because the rotor voltage (which produces 
the rotor current and the rotor magnetic field) is induced in the rotor windings 
rather than being physically connected by wires. The distinguishing feature of an 
induction motor is that no de field current is required to run the machine. 

Although it is possible to use an induction machine as either a motor or a 
generator, it has many disadvantages as a generator and So is rarely used in that 
manner. For this reason, induction machines are usually referred to as induction 
motors. 


7.1 INDUCTION MOTOR CONSTRUCTION 


An induction motor has the same physical stator as a synchronous machine, with 
a different rotor construction. A typical two-pole stator is shown in Figure 7-1. It 
looks (and is) the same as a synchronous machine stator. There are two different 
types of induction motor rotors which can be placed inside the stator. One is called 
a cage rotor, while the other is called a wound rotor. 

Figures 7—2 and 7-3 show cage induction motor rotors. A cage induction 
motor rotor consists of a series of conducting bars laid into slots carved in the face 
of the rotor and shorted at either end by large shorting rings. This design is re- 
ferred to as a cage rotor because the conductors, if examined by themselves, 
would look like one of the exercise wheels that squirrels or hamsters run on. 
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FIGURE 7-1 

The stator of a typical induction 
motor, showing the stator 
windings. (Courtesy of 
MagneTek, Inc.) 


—, 


Ng 


Embedded 
rotor 
conductors 


{a) 


(b) 


FIGURE 7-2 
(a) Sketch of cage rotor. (b) A typical cage rotor. (Courtesy of General Electric Company.) 
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(a) 


(b) 


FIGURE 7-3 

(a) Cutaway diagram of a typical small cage rotor induction motor. (Courtesy of MagneTek, Inc.) 
(b) Cutaway diagram of a typical large cage rotor induction motor. (Courtesy of General Electric 
Company.) 

The other type of rotor is a wound rotor. A wound rotor has a complete set 
of three-phase windings that are mirror images of the windings on the stator. The 
three phases of the rotor windings are usually Y-connected, and the ends of the 
three rotor wires are tied to slip rings on the rotor’s shaft. The rotor windings are 
shorted through brushes riding on the slip rings. Wound-rotor induction motors 
therefore have their rotor currents accessible at the stator brushes, where they can 
be examined and where extra resistance can be inserted into the rotor circuit. It is 
possible to take advantage of this feature to modify the torque—speed characteris- 
tic of the motor. Two wound rotors are shown in Figure 7-4, and a complete 
wound-rotor induction motor is shown in Figure 7-5. 
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{a) 


(b) 


FIGURE 7-4 
Typical wound rotors for induction motors. Notice the slip rings and the bars connecting the rotor 
windings to the slip rings. (Courtesy of General Electric Company.) 


FIGURE 7-5 
Cutaway diagram of a wound-rotor induction motor. Notice the brushes and slip rings. Also notice 
that the rotor windings are skewed to eliminate slot harmonics. (Courtesy of MagneTek, inc.) 
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Wound-rotor induction motors are more expensive than cage induction mo- 
tors, and they require much more maintenance because of the wear associated 
with their brushes and slip rings. As a result, wound-rotor induction motors are 
rarely used. 


7.2 BASIC INDUCTION MOTOR CONCEPTS 


Induction motor operation is basically the same as that of amortisseur windings on 
synchronous motors. That basic operation will now be reviewed, and some im- 
portant induction motor terms will be defined. 


The Development of Induced Torque 
in an Induction Motor 


Figure 7-6 shows a cage rotor induction motor. A three-phase set of voltages has 
been applied to the stator, and a three-phase set of stator currents is flowing. These 
currents produce a magnetic field Bs, which is rotating in a counterclockwise 
direction. The speed of the magnetic field’s rotation is given by 


_ 120f, 


None = P (7-1) 


where f, 1s the system frequency in hertz and P is the number of poles in the ma- 
chine. This rotating magnetic field B, passes over the rotor bars and induces a 
voltage in them. 

The voltage induced in a given rotor bar is given by the equation 


€ing = (VX B) el (1-45) 


where =v = velocity of the bar relative to the magnetic field 
B = magnetic flux density vector 
| = length of conductor in the magnetic field 


It is the relative motion of the rotor compared to the stator magnetic field 
that produces induced voltage in a rotor bar. The velocity of the upper rotor bars 
relative to the magnetic field is to the right, so the induced voltage in the upper 
bars is out of the page, while the induced voltage in the lower bars is into the page. 
This results in a current flow out of the upper bars and into the lower bars. How- 
ever, since the rotor assembly is inductive, the peak rotor current lags behind the 
peak rotor voltage (see Figure 7-6b). The rotor current flow produces a rotor mag- 
netic field Bp. 

Finally, since the induced torque in the machine is given by 


Ting = KBp X Bs (4-58) 


the resulting torque is counterclockwise. Since the rotor induced torque is coun- 
terclock wise, the rotor accelerates in that direction. 
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FIGURE 7-6 

The development of induced torque in an induction 
motor. (a) The rotating stator field Bs induces a voltage 
in the rotor bars: (b) the rotor voltage produces a rotor 
current flow, which lags behind the voltage because of 
the inductance of the rotor; (c) the rotor current 
produces a rotor magnetic field Bz lagging 90° behind 
itself, and Bz interacts with B,,, to produce a 
counterclockwise torque in the machine. 


There is a finite upper limit to the motor’s speed, however. If the induction 
motor’s rotor were turning al synchronous speed, then the rotor bars would be sta- 
tionary relative to the magnetic field and there would be no induced voltage. If e,,, 
were equal to O, then there would be no rotor current and no rotor magnetic field. 
With no rotor magnetic field, the induced torque would be zero, and the rotor 
would slow down as a result of friction losses. An induction motor can thus speed 
up to near-synchronous speed, but it can never exactly reach synchronous speed. 

Note that in normal operation both the rotor and stator magnetic fields B, 
and B, rotate together at synchronous speed n,,,,.. while the rotor itself turns at a 
slower speed. 


sync? 
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The Concept of Rotor Slip 


The voltage induced in a rotor bar of an induction motor depends on the speed of 
the rotor relative to the magnetic fields. Since the behavior of an induction motor 
depends on the rotor’s voltage and current, it is often more logical to talk about 
this relative speed. Two terms are commonly used to define the relative motion of 
the rotor and the magnetic fields. One is slip speed, defined as the difference be- 
tween synchronous speed and rotor speed: 


Asin = Nsync ~ Nn (7-2) 


where fy, = slip speed of the machine 
Reyng = Speed of the magnetic fields 


sync 


Nm = mechanical shaft speed of motor 


The other term used to describe the relative motion is s/ip, which is the rela- 

tive speed expressed on a per-unit or a percentage basis. That is, slip is defined as 
Nslip 

n 


s =— P(x 100%) (7-3) 


sync 


n —-n 
s= —*—(x 100%) (7-4) 
Nsyac 


This equation can also be expressed in terms of angular velocity w (radians per 


second) as 
@ —- @ 
s = —*—* (x 100%) (7-5) 
Weync 


Notice that if the rotor turns at synchronous speed, s = 0, while if the rotor is sta- 
tionary, s = |. All normal motor speeds fall somewhere between those two limits. 

It is possible to express the mechanical speed of the rotor shaft in terms of 
synchronous speed and slip. Solving Equations (7-4) and (7-5) for mechanical 


speed yields 
[tn = = Sr v6 


These equations are useful in the derivation of induction motor torque and power 
relationships. 


The Electrical Frequency on the Rotor 


An induction motor works by inducing voltages and currents in the rotor of the 
machine, and for that reason it has sometimes been called a rotating transformer. 
Like a transformer, the primary (stator) induces a voltage in the secondary (rotor), 
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but unlike a transformer, the secondary frequency is not necessarily the same as 
the primary frequency. 

If the rotor of a motor is locked so that it cannot move, then the rotor will 
have the same frequency as the stator. On the other hand, if the rotor turns at syn- 
chronous speed, the frequency on the rotor will be zero. What will the rotor fre- 
quency be for any arbitrary rate of rotor rotation? 

At n,, = 0 r/min, the rotor frequency f, = f,, and the slip s = 1. At My, = Neynes 
the rotor frequency f, = O Hz, and the slip s = 0. For any speed in between, the ro- 
tor frequency is directly proportional to the difference between the speed of the mag- 
netic field n,,,, and the speed of the rotor 7,,. Since the slip of the rotor is defined as 

= (7-4) 


the rotor frequency can be expressed as 


Sf, = Se (7-8) 


Several alternative forms of this expression exist that are sometimes useful. One 
of the more common expressions is derived by substituting Equation (7-4) for the 
slip into Equation (7-8) and then substituting for 7,,,, in the denominator of the 
expression: 


syne 


But n,,,, = 120f,/P [from Equation (7—1)], so 


syne 
fy = (ayy — Mg) ESS, 
r Sync m? | 20f, e 
Therefore, 


ae se 
S ~ 120 (sync Nm) (7-9) 


Example 7-1. A208-V, 10-hp, four-pole, 60-Hz, Y-connected induction motor has 
a full-load slip of 5 percent. 


(a) What is the synchronous speed of this motor? 

(6) What is the rotor speed of this motor at the rated load? 

(c) What is the rotor frequency of this motor at the rated load? 
(d) What is the shaft torque of this motor at the rated load? 


Solution 
(a) The synchronous speed of this motor is 


— 120f, 
Bsync = P £ 


= 122160 Hz = 1800 r/min 
poles 


(7-1) 
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(&) The rotor speed of the motor is given by 


An = = Syne (7-6) 
= (1 — 0.95)(1800 r/min) = 1710 r/min 
(c) The rotor frequency of this motor is given by 
f, = 5, = (0.0560 Hz) = 3 Hz (7-8) 
Alternatively, the frequency can be found from Equation (7-9): 
ft Fos Eee — Mn) (7-9) 


= [55 (1800 r/min — 1710 r/min) = 3 Hz 


(@) The shaft load torque is given by 


“vy 


_ £ out 
Toad ~ 
m 


(10 hpX746 W/hp) 


~ (1710 r/min) 2a rad/r)(1 min 760 sy ~ 41-7 N*m 
The shaft load torque in English units is given by Equation (1-17): 


_ 5252P 
Tload = n 


where ris in pound-feet, P is in horsepower, and n,, is in revolutions per minute. 
Therefore, 


_ 5252(10 hp) 


Toad = 1710 r/min — 30.7 Ib ft 


7.3. THE EQUIVALENT CIRCUIT OF 
AN INDUCTION MOTOR 


An induction motor relies for its operation on the induction of voltages and cur- 
rents in its rotor circuit from the stator circuit (transformer action). Because the in- 
duction of voltages and currents in the rotor circuit of an induction motor is es- 
sentially a transformer operation, the equivalent circuit of an induction motor will 
turn out to be very similar to the equivalent circuit of a transformer. An induction 
motor is called a singly excited machine (as opposed to a doubly excited synchro- 
nous machine), since power is supplied to only the stator circuit. Because an in- 
duction motor does not have an independent field circuit, its model will not con- 
tain an internal voltage source such as the internal generated voltage E, in a 
synchronous machine. 

It is possible to derive the equivalent circuit of an induction motor from a 
knowledge of transformers and from what we already know about the variation of 
rotor frequency with speed in induction motors. The induction motor model will be 
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FIGURE 7-7 


The transformer model or an induction motor, with rotor and stator connected by an ideal 
transformer of tums ratio G,¢,. 


developed by starting with the transformer model in Chapter 2 and then deciding 
how to take the variable rotor frequency and other similar induction motor effects 
into account. 


The Transformer Model of an Induction Motor 


A transformer per-phase equivalent circuit, representing the operation of an in- 
duction motor, is shown in Figure 7—7. As in any transformer, there is a certain re- 
sistance and self-inductance in the primary (stator) windings, which must be rep- 
resented in the equivalent circuit of the machine. The stator resistance will be 
called R,, and the stator leakage reactance will be called X,. These two compo- 
nents appear right at the input to the machine model. 

Also, like any transformer with an iron core, the flux in the machine is re- 
lated to the integral of the applied voltage E,. The curve of magnetomotive force 
versus flux (magnetization curve) for this machine is compared to a similar curve 
for a power transformer in Figure 7-8. Notice that the slope of the induction mo- 
tor’s magnetomotive force-flux curve is much shallower than the curve of a good 
transformer. This is because there must be an air gap in an induction motor, which 
greatly increases the reluctance of the flux path and therefore reduces the coupling 
between primary and secondary windings. The higher reluctance caused by the air 
gap means that a higher magnetizing current is required to obtain a given flux 
level. Therefore, the magnetizing reactance X,, in the equivalent circuit will have 
a much smaller value (or the susceptance B,, will have a much larger value) than 
it would in an ordinary transformer. 

The primary internal stator voltage E, is coupled to the secondary E, by an 
ideal transformer with an effective turns ratio a,,. The effective turns ratio a, is 
fairly easy to determine for a wound-rotor motor—it is basically the ratio of the 
conductors per phase on the stator to the conductors per phase on the rotor, modi- 
fied by any pitch and distribution factor differences. It is rather difficult to see a, 
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FIGURE 7-8 
The magnetization curve of an induction motor compared to that of a transformer. 


clearly in the cage of a case rotor motor because there are no distinct windings on 
the cage rotor. In either case, there is an effective turns ratio for the motor. 

The voltage Ep produced in the rotor in turn produces a current flow in the 
shorted rotor (or secondary) circuit of the machine. 

The primary impedances and the magnetization current of the induction mo- 
tor are very similar to the corresponding components in a transformer equivalent 
circuit. An induction motor equivalent circuit differs from a transformer equiva- 
lent circuit primarily in the effects of varying rotor frequency on the rotor voltage 
E, and the rotor impedances Rp and jXp. 


The Rotor Circuit Model 


In an induction motor, when the voltage is applied to the stator windings, a volt- 
age is induced in the rotor windings of the machine. In general, the greater the 
relative motion between the rotor and the stator magnetic fields, the greater the 
resulting rotor voltage and rotor frequency. The largest relative motion occurs 
when the rotor is stationary, called the locked-rotor or blocked-rotor condition, so 
the largest voltage and rotor frequency are induced in the rotor at that condition. 
The smallest voltage (0 V) and frequency (0 Hz) occur when the rotor moves at 
the same speed as the stator magnetic field, resulting in no relative motion. The 
magnitude and frequency of the voltage induced in the rotor at any speed between 
these extremes is directly proportional to the slip of the rotor. Therefore, if the 
magnitude of the induced rotor voltage at locked-rotor conditions is called Ego, the 
magnitude of the induced voltage at any slip will be given by the equation 


ER = SER (7-10) 
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FIGURE 7-9 
The rotor circuit model of an induction motor. 


and the frequency of the induced voltage at any slip will be given by the equation 


i, = Sf, (7-8) 

This voltage is induced in a rotor containing both resistance and reactance. 
The rotor resistance Rp is a constant (except for the skin effect), independent of 
slip, while the rotor reactance is affected in a more complicated way by slip. 

The reactance of an induction motor rotor depends on the inductance of the 
rotor and the frequency of the voltage and current in the rotor. With a rotor induc- 
tance of Lp, the rotor reactance is given by 

Xp = o, Lp = 27 f,Lp 
By Equation (7-8), f, = sf, so 
Xp = 275f,Lp 
S(2af,Lp) 
= 5Xzo (7-11) 


where Xpp is the blocked-rotor rotor reactance. 
The resulting rotor equivalent circuit is shown in Figure 7-9. The rotor cur- 
rent flow can be found as 


Ip Ep 
Rp + jXp 
Ep 
Ie = RO+ jsXqo ve 


Exo 
or I, = R,/s + Xeo (7-13) 


Notice from Equation (7-13) that it is possible to treat all of the rotor effects due 
to varying rotor speed as being caused by a varying impedance supplied with 
power from a constant-voltage source Ego. The equivalent rotor impedance from 
this point of view is 


Zreq = Rpls + jXmo (7-14) 


and the rotor equivalent circuit using this convention is shown in Figure 7-10. In 
the equivalent circuit in Figure 7-10, the rotor voltage is a constant Ep) V and the 


Rotor current 
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Ip as 


ee ? 
* FIGURE 7-10 
The rotor circuit model with all the frequency 


(slip) effects concentrated in resistor Rp. 


Am: percentage of synchronous speed 


FIGURE 7-11 
Rotor current as a function of rotor speed. 


rotor impedance Zez,, contains all the effects of varying rotor slip. A plot of the 
current flow in the rotor as developed in Equations (7-12) and (7-13) is shown in 
Figure 7-11. 

Notice that at very low slips the resistive term Rp/s >> Xgo, So the rotor re- 
sistance predominates and the rotor current varies /inearly with slip. At high slips, 
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Xpro is much larger than Rp/s, and the rotor current approaches a steady-state 
value as the slip becomes very large. 


The Final Equivalent Circuit 


To produce the final per-phase equivalent circuit for an induction motor, it is nec- 
essary to refer the rotor part of the model over to the stator side. The rotor circuit 
model that will be referred to the stator side is the model shown in Figure 7-10, 
which has all the speed variation effects concentrated in the impedance term. 

In an ordinary transformer, the voltages, currents, and impedances on the 
secondary side of the device can be referred to the primary side by means of the 
turns ratio of the transformer: 


Vp = Vs = aV, (7-15) 
b= 1,25 
p=ls=2 (7-16) 
and Zi = a’Z, (7-17) 


where the prime refers to the referred values of voltage, current, and impedance. 

Exactly the same sort of transformation can be done for the induction mo- 
tor’s rotor circuit. If the effective turns ratio of an induction motor is @,, then the 
transformed rotor voltage becomes 


E, = Ee = Gere Epo (7-18) 
the rotor current becomes 
Ip 
aes (7-19) 


and the rotor impedance becomes 


= a2,,(~# + ita) (7-20) 

If we now make the following definitions: 
R, = aRp (7-21) 
X, = a2. Xpp (7-22) 


then the final per-phase equivalent circuit of the induction motor is as shown in 
Figure 7-12. 

The rotor resistance Rp and the locked-rotor rotor reactance Xgq are very dif- 
ficult or impossible to determine directly on cage rotors, and the effective turns ra- 
tiO a, is also difficult to obtain for cage rotors. Fortunately, though, it is possible 
to make measurements that will directly give the referred resistance and reac- 
tance R, and X,, even though Rp, Xpgo and @,,, are Not known separately. The mea- 
surement of induction motor parameters will be taken up in Section 7.7. 
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FIGURE 7-12 
The per-phase equivalent circuit of an induction motor. 
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FIGURE 7-13 
The power-flow diagram of an induction motor. 


7.4 POWER AND TORQUE IN 
INDUCTION MOTORS 


Because induction motors are singly excited machines, their power and torque re- 
lationships are considerably different from the relationships in the synchronous 
machines previously studied. This section reviews the power and torque relation- 
ships in induction motors. 


Losses and the Power-Flow Diagram 


An induction motor can be basically described as a rotating transformer. Its input 
is a three-phase system of voltages and currents. For an ordinary transformer, the 
output is electric power from the secondary windings. The secondary windings in 
an induction motor (the rotor) are shorted out, so no electrical output exists from 
normal induction motors. Instead, the output is mechanical. The relationship be- 
tween the input electric power and the output mechanical power of this motor is 
shown in the power-flow diagram in Figure 7-13. 
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The input power to an induction motor A, is in the form of three-phase elec- 
tric voltages and currents. The first losses encountered in the machine are °R 
losses in the stator windings (the stator copper loss Psc). Then some amount of 
power is lost as hysteresis and eddy currents in the stator (F.,,,). The power re- 
maining at this point is transferred to the rotor of the machine across the air gap 
between the stator and rotor. This power is called the air-gap power P,, of the 
machine. After the power is transferred to the rotor, some of it is lost as J?R losses 
(the rotor copper loss Pac), and the rest is converted from electrical to mechani- 
cal form (P.,,,). Finally, friction and windage losses P-gw and stray losses P,,.. are 
subtracted. The remaining power is the output of the motor P,,,. 

The core losses do not always appear in the power-flow diagram at the point 
shown in Figure 7-13. Because of the nature of core losses, where they are ac- 
counted for in the machine is somewhat arbitrary. The core losses of an induction 
motor come partially from the stator circuit and partially from the rotor circuit. 
Since an induction motor normally operates at a speed near synchronous speed, 
the relative motion of the magnetic fields over the rotor surface is quite slow, and 
the rotor core losses are very tiny compared to the stator core losses. Since the 
largest fraction of the core losses comes from the stator circuil, all the core losses 
are lumped together at that point on the diagram. These losses are represented in 
the induction motor equivalent circuit by the resistor R- (or the conductance Ge). 
If core losses are just given by a number (X watts) instead of as a circuit element 
they are often lumped together with the mechanical losses and subtracted at the 
point on the diagram where the mechanical losses are located. 

The Aigher the speed of an induction motor, the higher its friction, windage, 
and stray losses. On the other hand, the Aigher the speed of the motor (up to 7,,,.), 
the fower its core losses. Therefore, these three categories of losses are sometimes 
lumped together and called rotational losses. The total rotational losses of a mo- 
tor are often considered to be constant with changing speed, since the component 
losses change in opposite directions with a change in speed. 


Example 7-2. A 480-V, 60-Hz, 50-hp, three-phase induction motor is drawing 
60 A at 0.85 PF lagging. The stator copper losses are 2 kW, and the rotor copper losses are 
700 W. The friction and windage losses are 600 W, the core losses are 1800 W, and the 
stray losses are negligible. Find the following quantities: 


(a) The air-gap power Pag 

(b) The power converted P,,., 
(c) The output power P,,,, 

(d) The efficiency of the motor 


Solution 
To answer these questions, refer to the power-flow diagram for an induction motor (Fig- 
ure 7-13). 


(a) The air-gap power is just the input power minus the stator /2R losses. The input 
power is given by 
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P, = V3Vzl;, cos 6 
= V3(480 V)(60 A)(0.85) = 42.4 kW 
From the power-flow diagram, the air-gap power is given by 
Pag = Fin — Pscr — Foore 
= 42.4kW —2kW — 1.8kW = 386kW 


(6) From the power-flow diagram, the power converted from electrical to mechan- 
ical form is 


Prony = Pag — Prev 
= 38.6 kW — 700 W = 37.9 kW 
(c) From the power-flow diagram, the output power is given by 


Pout = Fay -_ Praw = rie 
= 37.9 kW — 600 W — OW = 37.3 kW 


or, in horsepower, 


1h 
Pay = 7.3 KW) ome = 50 hp 


(d) Therefore, the induction motor’s efficiency is 
FE 
n= > x 100% 
in 


= ror se x 100% = 88% 


Power and Torque in an Induction Motor 


Figure 7-12 shows the per-phase equivalent circuit of an induction motor. If the 
equivalent circuit is examined closely, it can be used to derive the power and 
torque equations governing the operation of the motor. 

The input current to a phase of the motor can be found by dividing the input 
voltage by the total equivalent impedance: 


ees (7-23) 
ae a . 
where Zeq = R, + jX, + —t—_ (7-24) 
Ge — JBu + W75 + ix, 


Therefore, the stator copper losses, the core losses, and the rotor copper losses can 
be found. The stator copper losses in the three phases are given by 


Psoy, = 317 R, (7-25) 


Proce = 3E?7G¢ (7-26) 


The core losses are given by 
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so the air-gap power can be found as 
Pao = Pa — Pocr — Feore (7-27) 


Look closely at the equivalent circuit of the rotor. The onfy element in the 
equivalent circuit where the air-gap power can be consumed is in the resistor R,/s. 
Therefore, the air-gap power can also be given by 


R 


The actual resistive losses in the rotor circuit are given by the equation 
Peo. = 3g Rp (7-29) 


Since power is unchanged when referred across an ideal transformer, the rotor 
copper losses can also be expressed as 


7-30 


After stator copper losses, core losses, and rotor copper losses are sub- 
tracted from the input power to the motor, the remaining power is converted from 
electrical to mechanical form. This power converted, which is sometimes called 
developed mechanical power, is given by 


| eee a Pro om Prcr 


I-s 
Prony =3I 3 r{=} (7-31) 


Notice from Equations (7-28) and (7-30) that the rotor copper losses are 
equal to the air-gap power times the slip: 


Fre, = SPag (7-32) 


Therefore, the lower the slip of the motor, the lower the rotor losses in the ma- 
chine. Note also that if the rotor is not turning, the slip s = 1 and the air-gap 
power is entirely consumed in the rotor. This is logical, since if the rotor is not 
turning, the output power Py. (= Tioag @m) Must be zero. Since Py, = Pag — Peer 
this also gives another relationship between the air-gap power and the power con- 
verted from electrical to mechanical form: 


Peony = Pag — Pee 


= Pyro — SPag 


Troan = (I oe S)Pxg (7-33) 
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Finally, if the friction and windage losses and the stray losses are known, 
the output power can be found as 


P.=P 


ou cony 


Praw ~ Prise (7-34) 


The induced torque 7,3 in a machine was defined as the torque generated by 
the internal electric-to-mechanical power conversion. This torque differs from the 
torque actually available at the terminals of the motor by an amount equal to the 
friction and windage torques in the machine. The induced torque is given by the 
equation 


conv ( 73 5 ) 


This torque is also called the developed torque of the machine. 

The induced torque of an induction motor can be expressed in a different 
form as well. Equation (7-7) expresses actual speed in terms of synchronous 
speed and slip, while Equation (7-33) expresses A,,, in terms of Pag and slip. 
Substituting these two equations into Equation (7-35) yields 


a al = S)Pac 
Tind = a — 5) Wy ync 
LyXe 
Tind = Wyn (7-36) 


The last equation is especially useful because it expresses induced torque directly 
in terms of air-gap power and synchronous speed, which does not vary. A knowl- 
edge of Pag thus directly yields 7,4. 


Separating the Rotor Copper Losses and 
the Power Converted in an Induction 
Motor’s Equivalent Circuit 


Part of the power coming across the air gap in an induction motor is consumed in 
the rotor copper losses, and part of it is converted to mechanical power to drive 
the motor’s shaft. It is possible to separate the two uses of the air-gap power and 
to indicate them separately on the motor equivalent circuit. 

Equation (7-28) gives an expression for the total air-gap power in an in- 
duction motor, while Equation (7-30) gives the actual rotor losses in the motor. 
The air-gap power is the power which would be consumed in a resistor of value 
R,/s, while the rotor copper losses are the power which would be consumed in a 
resistor of value R,. The difference between them is P,,,,, which must therefore be 
the power consumed in a resistor of value 


_ ey al 
Rei = — R2 = Ry — | 


] oes 
Roonv = R, s) (7-37) 
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FIGURE 7-14 
The per-phase equivalent circuit with rotor losses and P,,,. separated. 


Per-phase equivalent circuit with the rotor copper losses and the power con- 
verted to mechanical form separated into distinct elements is shown in Figure 7-14. 


Example 7-3. A460-V, 25-hp, 60-Hz, four-pole, Y-connected induction motor has 
the following impedances in ohms per phase referred to the stator circuit: 


R, = 0.6419 R, = 0.3320 
X,= 1.10692 X,=046402 X, = 2630 


The total rotational losses are 1100 W and are assumed to be constant. The core loss is 
lumped in with the rotational losses. For a rotor slip of 2.2 percent at the rated voltage and 
rated frequency, find the motor’s 


(a) Speed 

(b) Stator current 
(c) Power factor 
(2) Prony and Py. 
(€) Ting AND Tioaq 
(f) Efficiency 


Solution 
The per-phase equivalent circuit of this motor is shown in Figure 7-12, and the power-flow 
diagram is shown in Figure 7-13. Since the core losses are lumped together with the fric- 
tion and windage losses and the stray losses, they will be treated like the mechanical losses 
and be subtracted after P.,,., in the power-flow diagram. 


(a) The synchronous speed is 
120 
fe _ 120(60 Hz = 1800 r/min 


"sync ~ P ~~ 4 poles 
OF Myne = (1800 r/miny( 2% rad) L min) = 188.5 rad/s 


The rotor’s mechanical shaft speed is 


An = 1 — Myne 


= (1 — 0.022)(1800 r/min) = 1760 r/min 
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or wo, = (1 - S)Weync 
= (1 — 0.022)(188.5 rad/s) = 184.4 rad/s 


(6) To find the stator current, get the equivalent impedance of the circuit. The first 
step is to combine the referred rotor impedance in parallel with the magnetiza- 
tion branch, and then to add the stator impedance to that combination in series. 
The referred rotor impedance is 


= 15.09 + j0.464 0 = 15.1021.76° 2 
The combined magnetization plus rotor impedance is given by 
eee ee 
1/jX, + 1/Z, 


ee ee 
~ 40.038 + 0.06622 —1.76° 


See eee 
~ 0,07732-31.1° 


Z; 


= 12.94731.1° 0 


Therefore, the total impedance is 
Lot = Zesat + Z 
= 0.641 + j1.106 + 12.94731.1° 0 
= 11.72 + j7.79 = 14.07233.6° 2 
The resulting stator current is 
Vv 


tot 


(c) The power motor power factor is 
PF = cos 33.6° = 0.833 lagging 
(d} The input power to this motor is 
P,, = V3Vzl, cos 6 
= V3(460 V)(18.88 AX(0.833) = 12,530 W 


The stator copper losses in this machine are 


Pser = 3 R, (7-25) 
= 3(18.88 A)’(0.641 2) = 685 W 
The air-gap power is given by 


Pag = Py — Pocr = 12,530 W — 685 W = 11,845 W 


Therefore, the power converted is 
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Pony = (1 — 5)Pag = C1 — 0.022)(11,845 W) = 11,585 W 
The power P,,, is given by 
Pay = Poogy ~ Poy = 11,585 W — 1100 W = 10,485 W 


a are) 7 
= 10,485 w(5 46 w) = 14.1 hp 


(e) The induced torque is given by 


11,845 W 


= 788.5 rad/s ~ O2-8Nem 


and the output torque is given by 
F 


out 


Toad — Dry 


— 10,485 W 
184.4 rad/s 


= 569Nem 


(In English units, these torques are 46.3 and 41.9 lb-ft, respectively.) 
(f) The motor’s efficiency at this operating condition its 


on 
1 = ‘pe x 100% 


— 10,485 W 


= 17.530 Ww “ 100% = 83.7% 


7.5 INDUCTION MOTOR TORQUE-SPEED 
CHARACTERISTICS 


How does the torque of an induction motor change as the load changes? How 
much torque can an induction motor supply at starting conditions? How much 
does the speed of an induction motor drop as its shaft load increases? To find out 
the answers to these and similar questions, it is necessary to clearly understand the 
relationships among the motor’s torque, speed, and power. 

In the following material, the torque—speed relationship will be examined 
first from the physical viewpoint of the motor’s magnetic field behavior. Then, a 
general equation for torque as a function of slip will be derived from the induction 
motor equivalent circuit (Figure 7-12). 


Induced Torque from a Physical Standpoint 


Figure 7—l5a shows a cage rotor induction motor that is initially operating at no 
load and therefore very nearly at synchronous speed. The net magnetic field B,,, in 
this machine is produced by the magnetization current I, flowing in the motor’s 
equivalent circuit (see Figure 7-12). The magnitude of the magnetization current 
and hence of B,,,, is directly proportional to the voltage E,. If E, is constant, then the 
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FIGURE 7-15 
(a) The magnetic fields in an induction motor under light loads. (b) The magnetic fields in an 
induction motor under heavy loads. 


net magnetic field in the motor is constant. In an actual machine, E, varies as the 
load changes, because the stator impedances R, and X, cause varying voltage drops 
with varying load. However, these drops in the stator windings are relatively small, 
so E, (and hence I and B,,.,) is approximately constant with changes in load. 

Figure 7—-15a shows the induction motor at no load. At no load, the rotor 
slip is very small, and so the relative motion between the rotor and the magnetic 
fields is very small and the rotor frequency is also very small. Since the relative 
motion is small, the voltage Eg induced in the bars of the rotor is very small, and 
the resulting current flow Ip is small. Also, because the rotor frequency is so very 
small, the reactance of the rotor is nearly zero, and the maximum rotor current Ip 
is almost in phase with the rotor voltage Ep. The rotor current thus produces a 
small magnetic field By at an angle just slightly greater than 90° behind the net 
magnetic field B,,.,. Notice that the stator current must be quite large even at no 
load, since it must supply most of B,,,. (This is why induction motors have large 
no-load currents compared to other types of machines.) 

The induced torque, which keeps the rotor turning, is given by the equation 


Ting = KBr X Boy (4-60) 
Its magnitude is given by 


Ting = KBpB,,, sin 6 (4-61) 


net 


Since the rotor magnetic field is very small, the induced torque is also quite 
small—just large enough to overcome the motor’s rotational losses. 

Now suppose the induction motor is loaded down (Figure 7-15b). As the 
motor’s load increases, its slip increases, and the rotor speed falls. Since the rotor 
speed is slower, there is now more relative motion between the rotor and the sta- 
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tor magnetic fields in the machine. Greater relative motion produces a stronger ro- 
tor voltage Ep which in turn produces a larger rotor current Ip. With a larger rotor 
current, the rotor magnetic field Bz also increases. However, the angle of the ro- 
tor current and Bz changes as well. Since the rotor slip is larger, the rotor fre- 
quency rises (f, = sf,), and the rotor’s reactance increases (wLp). Therefore, the 
rotor current now lags further behind the rotor voltage, and the rotor magnetic 
field shifts with the current. Figure 7—15b shows the induction motor operating at 
a fairly high load. Notice that the rotor current has increased and that the angle 6 
has increased. The increase in Bp tends to increase the torque, while the increase 
in angle 6 tends to decrease the torque (7;,g is proportional to sin 6, and 6 > 90°). 
Since the first effect is larger than the second one, the overall induced torque in- 
creases to supply the motor’s increased load. 

When does an induction motor reach pullout torque? This happens when the 
point is reached where, as the load on the shaft is increased, the sin 6 term de- 
creases more than the Bp term increases. Al that point, a further increase in load 
decreases 7,4, and the motor stops. 

It is possible to use a knowledge of the machine’s magnetic fields to approx- 
imately derive the output torque-versus-speed characteristic of an induction motor. 
Remember that the magnitude of the induced torque in the machine is given by 


Ting = KBB sin 6 (4-61) 


Each term in this expression can be considered separately to derive the overall 
machine behavior. The individual terms are 


1. By. The rotor magnetic field is directly proportional to the current flowing in 
the rotor, as long as the rotor is unsaturated. The current flow in the rotor in- 
creases with increasing slip (decreasing speed) according to Equation (7-13). 
This current flow was plotted in Figure 7-11 and is shown again in Fig- 
ure 7—-16a. 


2. Bye The net magnetic field in the motor is proportional to E, and therefore is 
approximately constant (Z, actually decreases with increasing current flow, 
but this effect is small compared to the other two, and it will be ignored in 
this graphical development). The curve for B,,, versus speed is shown in Fig- 
ure 7—16b. 

3. sin 6. The angle 6 between the net and rotor magnetic fields can be expressed 
in a very useful way. Look at Figure 7—15b. In this figure, it is clear that the 
angle 5 is just equal to the power-factor angle of the rotor plus 90°: 


5 = 6, + 90° (7-38) 


Therefore, sin 6 = sin (@g + 90°) = cos Og. This term is the power factor of 
the rotor. The rotor power-factor angle can be calculated from the equation 


xX, SX, 
0, = tan! —* = tan! 


Rp Rp (7-39) 
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Tind FIGURE 7-16 

Graphical development of an induction 
motor torque—speed characteristic. 

(a) Plot of rotor current (and thus IBp!) 
versus speed for an induction motor; 
(b) plot of net magnetic field versus 
speed for the motor; (c) plot of rotor 

A power factor versus speed for the 


a motor; (d) the resulting torque-speed 
(d) characteristic. 


The resulting rotor power factor is given by 
PFp = cos 6p 
7 ~1SXp0 
PF, = cos | tan Rp (7-40) 
A plot of rotor power factor versus speed is shown in Figure 7-16c. 


Since the induced torque is proportional to the product of these three terms, 
the torque—speed characteristic of an induction motor can be constructed from the 
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graphical multiplication of the previous three plots (Figure 7-16a to c). The 
torque—speed characteristic of an induction motor derived in this fashion is shown 
in Figure 7-16d. 

This characteristic curve can be divided roughly into three regions. The first 
region is the /ow-slip region of the curve. In the low-slip region, the motor slip in- 
creases approximately linearly with increased load, and the rotor mechanical 
speed decreases approximately linearly with load. In this region of operation, the 
rotor reactance is negligible, so the rotor power factor is approximately unity, 
while the rotor current increases linearly with slip. The entire normal steady-state 
operating range of an induction motor is included in this linear low-slip region. 
Thus in normal operation, an induction motor has a linear speed droop. 

The second region on the induction motor’s curve can be called the 
moderate-slip region. In the moderate-slip region, the rotor frequency is higher 
than before, and the rotor reactance is on the same order of magnitude as the rotor 
resistance. In this region, the rotor current no longer increases as rapidly as before, 
and the power factor starts to drop. The peak torque (the pullout torque) of the 
motor occurs at the point where, for an incremental increase in load, the increase 
in the rotor current is exactly balanced by the decrease in the rotor power factor. 

The third region on the induction motor’s curve is called the high-slip re- 
gion. In the high-slip region, the induced torque actually decreases with increased 
load, since the increase in rotor current is completely overshadowed by the de- 
crease in rotor power factor. 

For a typical induction motor, the pullout torque on the curve will be 200 to 
250 percent of the rated full-load torque of the machine, and the starting torque (the 
torque at Zero speed) will be 150 percent or so of the full-load torque. Unlike a syn- 
chronous motor, the induction motor can start with a full load attached to its shaft. 


The Derivation of the Induction Motor 
Induced-Torque Equation 


It is possible to use the equivalent circuit of an induction motor and the power- 
flow diagram for the motor to derive a general expression for induced torque as a 
function of speed. The induced torque in an induction motor is given by Equation 
(7-35) or (7-36): 


Tind = (7-35) 
P. 
twa = (7-36) 


sync 
The latter equation is especially useful, since the synchronous speed is a constant 
for a given frequency and number of poles. Since ,,,, is constant, a knowledge 
of the air-gap power gives the induced torque of the motor. 
The air-gap power is the power crossing the gap from the stator circuit to 
the rotor circuit. It is equal to the power absorbed in the resistance R,/s. How can 
this power be found? 
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FIGURE 7-17 
Per-phase equivalent circuit of an induction motor. 


Refer to the equivalent circuit given in Figure 7-17. In this figure, the air- 
gap power supplied to one phase of the motor can be seen to be 


= 72-2 
Prog = 22 5 
Therefore, the total air-gap power is 
R 
=3 222 
PAG hy 5 


If 7, can be determined, then the air-gap power and the induced torque will be 
known. 

Although there are several ways to solve the circuit in Figure 7-17 for the cur- 
rent /,, perhaps the easiest one is to determine the Thevenin equivalent of the por- 
tion of the circuit to the left of the X’s in the figure. Thevenin’s theorem states that 
any linear circuit that can be separated by two terminals from the rest of the system 
can be replaced by a single voltage source in series with an equivalent impedance. 
If this were done to the induction motor equivalent circuit, the resulting circuit 
would be a simple series combination of elements as shown in Figure 7-18c. 

To calculate the Thevenin equivalent of the input side of the induction motor 
equivalent circuit, first open-circuit the terminals at the X’s and find the resulting 
open-circuit voltage present there. Then, to find the Thevenin impedance, kill 
(short-circuit) the phase voltage and find the Z,, seen “looking” into the terminals. 

Figure 7—-18a shows the open terminals used to find the Thevenin voltage. 
By the voltage divider rule, 

Zu 
Wa “OZ + Z, 
-¥V Ixy 
PR, + jX, + iXy 
The magnitude of the Thevenin voltage V yy is 


Xy 
>, = 7 Sooo 7-4la 
™ ¢ VR + (X, + Xy)" ( ) 
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2 iXm 
Vr = R, + JX, + jXy ‘9 
Xu 


ee: Vp 
VRy? + (X + Xy)? 


Vry = 


x _ Xu (Rp + 5X) 
oe THT Ry + f(X1 + Xy) 


(b) 


(c) 


FIGURE 7-18 
(a) The Thevenin equivalent voltage of an induction motor input circuit. (b) The Thevenin equivalent 
impedance of the input circuit. (c) The resulting simplified equivalent circuit of an induction motor. 


Since the magnetization reactance Xy >> X, and Xy >> R,, the magnitude of the 
Thevenin voltage is approximately 


(7-41b) 


to quite good accuracy. 
Figure 7—18b shows the input circuit with the input voltage source killed. 
The two impedances are in parallel, and the Thevenin impedance is given by 
Z\2u 


2TH _ Z + Zu (7-42) 


This impedance reduces to 
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2 wy a SEMA + JX1) | 


Because Xy >> X, and Xy + X, >> R,, the Thevenin resistance and reactance are 
approximately given by 


(7-44) 


7-45) 


The resulting equivalent circuit is shown in Figure 7—18c. From this circuit, 
the current I, is given by 
V. 
L=,—4> 7-46) 
2 Zt Z 
Vr 
= Riu + R/S + iXty + IX =) 


The magnitude of this current is 


L= —EE— 7-48) 
2 ViRqy + Ro/sP + Xqy + XQ)? : 
The air-gap power is therefore given by 
R 
— 372-2 
Pac ices 345 s 
3V2.,R,/s 
= Ra, + Rls + Xy, +X ) 
and the rotor-induced torque is given by 
ind Weyne 
3V2,R,/s 
TH (7-50) 


ind wsacl(Rry + R2/s)? + (Xty + X2F1 


A plot of induction motor torque as a function of speed (and slip) is shown 
in Figure 7-19, and a plot showing speeds both above and below the normal mo- 
tor range is shown in Figure 7-20. 


Comments on the Induction Motor 
Torque—Speed Curve 


The induction motor torque—-speed characteristic curve plotted in Figures 7-19 
and 7-20 provides several important pieces of information about the operation of 
induction motors. This information is summarized as follows: 
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A typical induction motor torque—speed characteristic curve. 


1. 


2. 


The induced torque of the motor is zero at synchronous speed. This fact has 
been discussed previously. 


The torque—speed curve is nearly linear between no load and full load. In this 
range, the rotor resistance is much larger than the rotor reactance, so the ro- 
tor current, the rotor magnetic field, and the induced torque increase linearly 
with increasing slip. 

There is a maximum possible torque that cannot be exceeded. This torque, 
called the pullout torque or breakdown torque, is 2 to 3 times the rated full- 
load torque of the motor. The next section of this chapter contains a method 
for calculating pullout torque. 


. The starting torque on the motor is slightly larger than its full-load torque, so 


this motor will start carrying any load that it can supply at full power. 


Notice that the torque on the motor for a given slip varies as the square of the 
applied voltage. This fact is useful in one form of induction motor speed con- 
trol that will be described later. 

If the rotor of the induction motor is driven faster than synchronous speed, 
then the direction of the induced torque in the machine reverses and the ma- 
chine becomes a generator, converting mechanical power to electric power. 
The use of induction machines as generators will be described later. 
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Induction motor torque-speed characteristic curve, showing the extended operating ranges (braking 


region and generator region). 


7. If the motor is turning backward relative to the direction of the magnetic fields, 
the induced torque in the machine will stop the machine very rapidly and will 
try to rotate it in the other direction. Since reversing the direction of magnetic 
field rotation is simply a matter of switching any two stator phases, this fact 
can be used as a way to very rapidly stop an induction motor. The act of 
switching two phases in order to stop the motor very rapidly is called plugging. 


The power converted to mechanical form in an induction motor is equal to 


Psat = Tind Om 


and is shown plotted in Figure 7-21. Notice that the peak power supplied by the 
induction motor occurs at a different speed than the maximum torque; and, of 
course, no power is converted to mechanical form when the rotor is at zero speed. 


Maximum (Pullout) Torque in an Induction Motor 


Since the induced torque is equal to Pag/w,,,,, the maximum possible torque oc- 
curs when the air-gap power is maximum. Since the air-gap power is equal to the 
power consumed in the resistor R,/s, the maximum induced torque will occur 


when the power consumed by that resistor is maximum. 
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Induced torque and power converted versus motor speed in revolutions per minute for an example 
four-pole induction motor. 


When is the power supplied to R,/s at its maximum? Refer to the simplified 
equivalent circuit in Figure 7—-18c. In a situation where the angle of the load im- 
pedance is fixed, the maximum power transfer theorem states that maximum 
power transfer to the load resistor R,/s will occur when the magnitude of that im- 
pedance is equal to the magnitude of the source impedance. The equivalent source 
impedance in the circuit is 


Lyoutce a Rty a JX 3 5X, (7-5 1) 
so the maximum power transfer occurs when 
Ra | pe 


Solving Equation (7-52) for slip, we see that the slip at pullout torque is given by 
eh) 7-53) 
Coa 5: 
mex VR2y + (Xqy + X2) 


Notice that the referred rotor resistance R, appears only in the numerator, so the 
slip of the rotor at maximum torque is directly proportional to the rotor resistance. 
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The effect of varying rotor resistance on the torque—speed characteristic of a wound-rotor induction 
motor. 


The value of the maximum torque can be found by inserting the expression 
for the slip at maximum torque into the torque equation [Equation (7—50)]. The re- 
sulting equation for the maximum or pullout torque is 


3V2 
TH (7-54) 


T SS 
babi 2Wsyncl RTH . V R34 + (Xty + X,)"] 


This torque is proportional to the square of the supply voltage and is also in- 
versely related to the size of the stator impedances and the rotor reactance. The 
smaller a machine’s reactances, the larger the maximum torque it is capable of 
achieving. Note that s/ip at which the maximum torque occurs is directly propor- 
tional to rotor resistance [Equation (7-53)], but the value of the maximum torque 
is independent of the value of rotor resistance [Equation (7—54)]. 

The torque—speed characteristic for a wound-rotor induction motor is shown 
in Figure 7-22. Recall that it is possible to insert resistance into the rotor circuit 
of a wound rotor because the rotor circuit is brought out to the stator through slip 
rings. Notice on the figure that as the rotor resistance is increased, the pullout 
speed of the motor decreases, but the maximum torque remains constant. 
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It is possible to take advantage of this characteristic of wound-rotor induc- 
tion motors to start very heavy loads. If a resistance is inserted into the rotor cir- 
cuil, the maximum torque can be adjusted to occur at starting conditions. There- 
fore, the maximum possible torque would be available to start heavy loads. On the 
other hand, once the load is turning, the extra resistance can be removed from the 
circuit, and the maximum torque will move up to near-synchronous speed for reg- 
ular operation. 


Example 7-4. A two-pole, 50-Hz induction motor supplies 15 kW to a load at a 
speed of 2950 r/min. 


(a) What is the motor’s slip? 

(&) What is the induced torque in the motor in N * m under these conditions? 

(c) What will the operating speed of the motor be if its torque is doubled? 

(ad) How much power will be supplied by the motor when the torque is doubled? 


Solution 
(a) The synchronous speed of this motor is 


120 
n = Me — 120650 Hz) _ 3000 r/min 
ela P 2 poles 


Therefore, the motor’s slip is 


Neync 
po 00%) (7-4) 
Bo 


_ 3000 r/min — 2950 r/ min 
2 3000 r/ min 
= 0.0167 or 1.67% 

(b) The induced torque in the motor must be assumed equal to the load torque, and 


Prony Must be assumed equal to P,,,,, since no value was given for mechanical 
losses. The torque is thus 


(x 100%) 


axe P sav 
Tind — @,, 
S 1S kW 
(2950 r/min)(27 rad/r)(1 min/60 s) 
= 48.6Nem 


(c) In the low-slip region, the torque—speed curve is linear, and the induced torque 
is directly proportional to slip. Therefore, if the torque doubles, then the new 
slip will be 3.33 percent. The operating speed of the motor is thus 


fn, = (1 — s)n = (1 — 0.0333)(3000 r/min) = 2900 r/min 


sync 
(a) The power supplied by the motor is given by 
{conv = Tint 


= (97.2 N « m)(2900 r/min)\(27 rad/r)(1 min/ 60 s) 
= 29.5kW 
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Example 7-5. A460-V, 25-hp, 60-Hz, four-pole, Y-connected wound-rotor induc- 
tion motor has the following impedances in ohms per phase referred to the stator circuit: 


R, = 06419 R, = 0.3320 
X,=1.1060 X,=04642 Xy= 2630 


(a) What is the maximum torque of this motor? At what speed and slip does it 
occur? 


(b) What is the starting torque of this motor? 

(c) When the rotor resistance is doubled, what is the speed at which the maximum 
torque now occurs? What is the new starting torque of the motor? 

(d) Calculate and plot the torque—speed characteristics of this motor both with the 
original rotor resistance and with the rotor resistance doubled. 


Solution 
The Thevenin voltage of this motor is 
Vin = V, Xu (7-41a) 
=> — a 
TH “PMR? + (X, + Xu) 
7 266 V)(26.3 2 = 2552V 


¥ (0.641 0)? + (1.106 2 + 26.3 OY 


The Thevenin resistance is 
Xu 


2 
Ru = Ry) = 


= 30 ‘i 7 
ee 0 5578 +2639) ~ 05900 


The Thevenin reactance is 
Xyy = X, = 1.106 0 
(a) The slip at which maximum torque occurs is given by Equation (7-53): 
R, 
ra TR + Os FP oe 


a 0.332 0 sais 


V(0.590 2)? + (1.106 QD + 0.464 0 


This corresponds to a mechanical speed of 


a, = (1 - Syne = 1 — 0.198)(1800 r/min) = 1444 r/ min 
The torque at this speed is 
ee. | ae 
eds lRra + VR2y + rn + XY 
= 3(255.2 VP? 
2(188.5 rad/s)[0.590 © + V(0.590 0)? + (1.106 O + 0.464 OY] 


= 229N¢m 


(7-54) 


(b) 


(c) 
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The starting torque of this motor is found by setting s = 1 in Equation (7-50): 
ae eS, ) ee 
“start Go acl(Rty + Ry)? + Xry + XD¥ 
~, 3(255.2 V)*(0.332 0 
~ (188.5 rad/s)[(0.590 O + 0.332 OY + (1.1060 + 0.464 2)7] 
= 104Nem 
If the rotor resistance is doubled, then the slip at maximum torque doubles, too. 
Therefore, 
Smax = 9.396 
and the speed at maximum torque is 
1 — 0.396)(1800 r/min) = 1087 r/min 


Am = (CL — Syne = ¢ 


The maximum torque is still 
Tmax = 229N¢m 
The starting torque is now 


z 3(255.2 V)?(0.664 2) 
‘stan ~ (188.5 rad/s)[(0.590 2 + 0.664)? + (1.106 2 + 0.464 0)"] 


= 170Nem 


(d) We will create a MATLAB M-file to calculate and plot the torque—-speed char- 


acteristic of the motor both with the original rotor resistance and with the dou- 
bled rotor resistance. The M-file will calculate the Thevenin impedance using 
the exact equations for V7; and Zp, [Equations (7—41a) and (7-43)] instead of 
the approximate equations, because the computer can easily perform the exact 
calculations. It will then calculate the induced torque using Equation (7-50) and 
plot the results. The resulting M-file is shown below: 


% M-file: torque_speed_curve.m 
% M-file create a plot of the torque-speed curve of the 


% 


induction motor of Example 7-5. 


% Pirst, initialize the values needed in this program. 


rl = 0. 
xl = 1. 
r2 = 0. 
x2 = 0. 
xm = 26 
v_phase 
n_syne 
w_sync 


641; % Stator resistance 

106; % Stator reactance 

332; % Rotor resistance 

464; % Rotor reactance 

3; % Magnetization branch reactance 
= 460 / sqrt(3); % Phase voltage 

= 1800; % Synchronous speed (r/min) 

= 188.5; % Synchronous speed (rad/s) 


% Calculate the Thevenin voltage and impedance from Equations 
% 7-4la and 7-43. 


v_th 
z_th 
r_th 
x_th 


v_phase * ( xm / sqrt(rl1*2 + (x1 + xm)%2) ); 
((j*xm) * (rl + j*x1)) / (rl + j*(xl + xm)); 
real(z_th); 
imag(z_th); 
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% Now calculate the torque-speed characteristic for many 
% slips between 0 and 1. Note that the first slip value 
% is set to 0.001 instead of exactly 0 to avoid divide- 
% by-zero problems. 

s = (0:1:50) / 50; % Slip 

s(1) = 0.001; 

nm = (1 - s) * nusyne; % Mechanical speed 


% Calculate torque for original rotor resistance 
for ii = 1:51 
t_indl(ii) = (3 * v_th*2 * r2 / s(ii)) / 
(wisyne * ((r_th + r2/s(ii))*2 + (x_th + x2)%*2) ); 
end 


% Calculate torque for doubled rotor resistance 
for ii = 1:51 
t_ind2(ii) = (3 * vith*2 * (2*r2) / s(ii)) / 
(wisynce * ((r_th + (2*r2)/s(ii))*%2 + (x_th + x2)%*2) ); 
end 


% Plot the torque-speed curve 

plot (nm,t_ind1,'Color','k', 'LineWidth',2.0); 

hold on; 

plot (nm,t_ind2,'Color','k', 'Linewidth',2.0,'Linestyle','-.'); 

xlabel ('\itn_{m}', 'Fontweight',"Bold'); 

ylabel ('\tau_{ind}','Fontweight','Bold'); 

title (‘Induction motor torque-speed characteristic',... 
'Fontweight','Bold'); 

legend ('Original R_{2}', ‘Doubled R_{2}'); 

grid on; 

hold off; 


The resulting torque—speed characteristics are shown in Figure 7-23. Note that the peak 
torque and starting torque values on the curves match the calculations of parts (a) through 
(c). Also, note that the starting torque of the motor rose as R, increased. 


7.6 VARIATIONS IN INDUCTION MOTOR 
TORQUE-SPEED CHARACTERISTICS 


Section 7.5 contained the derivation of the torque—speed characteristic for an 
induction motor. In fact, several characteristic curves were shown, depending on 
the rotor resistance. Example 7-5 illustrated an induction motor designer’s 
dilemma—if a rotor is designed with high resistance, then the motor’s starting 
torque is quite high, but the slip is also quite high at normal operating conditions. 
Recall that P..u, = (1 — 5)Pag, so the higher the slip, the smaller the fraction of 
air-gap power actually converted to mechanical form, and thus the lower the mo- 
tor’s efficiency. A motor with high rotor resistance has a good starting torque but 
poor efficiency at normal operating conditions. On the other hand, a motor with 
low rotor resistance has a low starting torque and high starting current, but its ef- 
ficiency at normal operating conditions is quite high. An induction motor designer 
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Torque—speed characteristics for the motor of Example 7-5. 


is forced to compromise between the conflicting requirements of high starting 
torque and good efficiency. 

One possible solution to this difficulty was suggested in passing in Section 
7.5: use a wound-rotor induction motor and insert extra resistance into the rotor 
during starting. The extra resistance could be completely removed for better effi- 
ciency during normal operation. Unfortunately, wound-rotor motors are more ex- 
pensive, need more maintenance, and require a more complex automatic control 
circuit than cage rotor motors. Also, it is sometimes important to completely seal 
a motor when it is placed in a hazardous or explosive environment, and this is eas- 
ier to do with a completely self-contained rotor. It would be nice to figure out 
some way to add extra rotor resistance at starting and to remove it during normal 
running without slip rings and without operator or control circuit intervention. 

Figure 7-24 illustrates the desired motor characteristic. This figure shows 
two wound-rotor motor characteristics, one with high resistance and one with low 
resistance. At high slips, the desired motor should behave like the high-resistance 
wound-rotor motor curve; at low slips, it should behave like the low-resistance 
wound-rotor motor curve. 

Fortunately, it is possible to accomplish just this effect by properly taking 
advantage of leakage reactance in induction motor rotor design. 


Control of Motor Characteristics 
by Cage Rotor Design 


The reactance X, in an induction motor equivalent circuit represents the referred 
form of the rotor’s leakage reactance. Recall that leakage reactance is the reac- 
tance due to the rotor flux lines that do not also couple with the stator windings. In 
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FIGURE 7-24 
A torque—speed characteristic curve combining high-resistance effects at low speeds (high slip) with 
low-resistance effects at high speed (low slip). 


general, the farther away from the stator a rotor bar or part of a bar is, the greater 
its leakage reactance, since a smaller percentage of the bar’s flux will reach the sta- 
tor. Therefore, if the bars of a cage rotor are placed near the surface of the rotor, 
they will have only a small leakage flux and the reactance X, will be small in the 
equivalent circuit. On the other hand, if the rotor bars are placed deeper into the ro- 
tor surface, there will be more leakage and the rotor reactance X, will be larger. 

For example, Figure 7—25a is a photograph of a rotor lamination showing 
the cross section of the bars in the rotor. The rotor bars in the figure are quite large 
and are placed near the surface of the rotor. Such a design will have a low resis- 
tance (due to its large cross section) and a low leakage reactance and X, (due to 
the bar’s location near the stator). Because of the low rotor resistance, the pullout 
torque will be quite near synchronous speed [see Equation (7—53)], and the motor 
will be quite efficient. Remember that 


Poy = (1 — 5)P\o (7-33) 


conv 


so very little of the air-gap power is lost in the rotor resistance. However, since R, 
is small, the motor’s starting torque will be small, and its starting current will be 
high. This type of design is called the National Electrical Manufacturers Associa- 
tion (NEMA) design class A. It is more or less a typical induction motor, and its 
characteristics are basically the same as those of a wound-rotor motor with no ex- 
tra resistance inserted. Its torque—speed characteristic is shown in Figure 7-26. 
Figure 7—-25d, however, shows the cross section of an induction motor rotor 
with small bars placed near the surface of the rotor. Since the cross-sectional area 
of the bars is small, the rotor resistance is relatively high. Since the bars are lo- 
cated near the stator, the rotor leakage reactance is still small. This motor is very 
much like a wound-rotor induction motor with extra resistance inserted into the 
rotor. Because of the large rotor resistance, this motor has a pullout torque occur- 
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FIGURE 7-25 

Laminations from typical cage induction motor rotors, showing the cross section of the rotor bars: 
(a) NEMA design class A—large bars near the surface; (b) NEMA design class B—large, deep rotor 
bars: (c) NEMA design class C—double-cage rotor design: (d) NEMA design class D—small bars 
near the surface. (Courtesy of MagneTek, Inc.) 


ring at a high slip, and its starting torque is quite high. A cage motor with this type 
of rotor construction is called NEMA design class D. Its torque—speed character- 
istic is also shown in Figure 7-26. 


Deep-Bar and Double-Cage Rotor Designs 


Both of the previous rotor designs are essentially similar to a wound-rotor motor 
with a set rotor resistance. How can a variable rotor resistance be produced to 
combine the high starting torque and low starting current of a class D design with 
the low normal operating slip and high efficiency of a class A design? 
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It is possible to produce a variable rotor resistance by the use of deep rotor 
bars or double-cage rotors. The basic concept is illustrated with a deep-bar rotor 
in Figure 7-27. Figure 7-27a shows a current flowing through the upper part of a 
deep rotor bar. Since current flowing in that area 1s tightly coupled to the stator, 
the leakage inductance is small for this region. Figure 7-27b shows current flow- 
ing deeper in the bar. Here, the leakage inductance is higher. Since all parts of the 
rotor bar are in parallel electrically, the bar essentially represents a series of par- 
allel electric circuits, the upper ones having a smaller inductance and the lower 
ones having a larger inductance (Figure 7—27c). 

At low slip, the rotor’s frequency is very small, and the reactances of all the 
parallel paths through the bar are small compared to their resistances. The imped- 
ances of all parts of the bar are approximately equal, so current flows through all 
parts of the bar equally. The resulting large cross-sectional area makes the rotor 
resistance quite small, resulting in good efficiency at low slips. At high slip (start- 
ing conditions), the reactances are large compared to the resistances in the rotor 
bars, so all the current is forced to flow in the low-reactance part of the bar near 
the stator. Since the effective cross section is lower, the rotor resistance is higher 
than before. With a high rotor resistance at starting conditions, the starting torque 
is relatively higher and the starting current is relatively lower than in a class A de- 
sign. A typical torque—speed characteristic for this construction is the design class 
B curve in Figure 7-26. 

A cross-sectional view of a double-cage rotor is shown in Figure 7—25c. It 
consists of a large, low-resistance set of bars buried deeply in the rotor and a 
small, high-resistance set of bars set at the rotor surface. It is similar to the deep- 
bar rotor, except that the difference between low-slip and high-slip operation is 
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FIGURE 7-27 

Flux linkage in a deep-bar rotor. (a) For a current flowing in the top of the bar, the flux is tightly 
linked to the stator. and leakage inductance is small; (b) for a current flowing in the bottom of the 
bar, the flux is loosely linked to the stator, and leakage inductance is large; (c) resulting equivalent 
circuit of the rotor bar as a function of depth in the rotor. 


even more exaggerated. At starting conditions, only the small bar is effective, and 
the rotor resistance is guite high. This high resistance results in a large starting 
torque. However, at normal operating speeds, both bars are effective, and the re- 
sistance is almost as low as in a deep-bar rotor. Double-cage rotors of this sort are 
used to produce NEMA class B and class C characteristics. Possible torque—speed 
characteristics for a rotor of this design are designated design class B and design 
class C in Figure 7-26. 

Double-cage rotors have the disadvantage that they are more expensive than 
the other types of cage rotors, but they are cheaper than wound-rotor designs. They 
allow some of the best features possible with wound-rotor motors (high starting 
torque with a low starting current and good efficiency at normal operating condi- 
tions) at a lower cost and without the need of maintaining slip rings and brushes. 


Induction Motor Design Classes 


It is possible to produce a large variety of torque—-speed curves by varying the ro- 
tor characteristics of induction motors. To help industry select appropriate motors 
for varying applications in the integral-horsepower range, NEMA in the United 
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States and the International Electrotechnical Commission (IEC) in Europe have 
defined a series of standard designs with different torque—speed curves. These 
standard designs are referred to as design classes, and an individual motor may be 
referred to as a design class X motor. It is these NEMA and IEC design classes 
that were referred to earlier. Figure 7-26 shows typical torque—speed curves for 
the four standard NEMA design classes. The characteristic features of each stan- 
dard design class are given below. 


DESIGN CLASS A. Design class A motors are the standard motor design, with a 
normal starting torque, a normal starting current, and low slip. The full-load slip 
of design A motors must be less than 5 percent and must be less than that of a de- 
sign B motor of equivalent rating. The pullout torque is 200 to 300 percent of the 
full-load torque and occurs at a low slip (less than 20 percent). The starting torque 
of this design is at least the rated torque for larger motors and is 200 percent or 
more of the rated torque for smaller motors. The principal problem with this de- 
sign class is its extremely high inrush current on starting. Current flows at starting 
are typically 500 to 800 percent of the rated current. In sizes above about 7.5 hp, 
some form of reduced-voltage starting must be used with these motors to prevent 
voltage dip problems on starting in the power system they are connected to. In the 
past, design class A motors were the standard design for most applications below 
7.5 hp and above about 200 hp, but they have largely been replaced by design 
class B motors in recent years. Typical applications for these motors are driving 
fans, blowers, pumps, lathes, and other machine tools. 


DESIGN CLASS B. Design class B motors have a normal starting torque, a lower 
starting current, and low slip. This motor produces about the same starting torque as 
the class A motor with about 25 percent less current. The pullout torque is greater 
than or equal to 200 percent of the rated load torque, but less than that of the class A 
design because of the increased rotor reactance. Rotor slip is still relatively low (less 
than 5 percent) at full load. Applications are similar to those for design A, but design 
B is preferred because of its lower starting-current requirements. Design class B 
motors have largely replaced design class A motors in new installations. 


DESIGN CLASS C. Design class C motors have a high starting torque with low 
starting currents and low slip (less than 5 percent) at full load. The pullout torque 
is slightly lower than that for class A motors, while the starting torque is up to 250 
percent of the full-load torque. These motors are built from double-cage rotors, so 
they are more expensive than motors in the previous classes. They are used for 
high-starting-torque loads, such as loaded pumps, compressors, and conveyors. 


DESIGN CLASS D. Design class D motors have a very high starting torque (275 
percent or more of the rated torque) and a low starting current, but they also have 
a high slip at full load. They are essentially ordinary class A induction motors, but 
with the rotor bars made smaller and with a higher-resistance material. The high 
rotor resistance shifts the peak torque to a very low speed. It is even possible for 
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FIGURE 7-28 

Rotor cross section, showing the construction of the former design class F induction motor. Since the 
rotor bars are deeply buried, they have a very high leakage reactance. The high leakage reactance 
reduces the starting torque and current of this motor, so it is called a soft-start design. (Courtesy of 
MagneTek, Inc.) 


the highest torque to occur at zero speed (100 percent slip). Full-load slip for these 
motors is quite high because of the high rotor resistance. It is typically 7 to 11 per- 
cent, but may go as high as 17 percent or more. These motors are used in applica- 
tions requiring the acceleration of extremely high-inertia-type loads, especially 
large flywheels used in punch presses or shears. In such applications, these motors 
gradually accelerate a large flywheel up to full speed, which then drives the 
punch. After a punching operation, the motor then reaccelerates the flywheel over 
a fairly long time for the next operation. 

In addition to these four design classes, NEMA used to recognize design 
classes E and F, which were called soff-start induction motors (see Figure 7-28). 
These designs were distinguished by having very low starting currents and were 
used for low-starting-torque loads in situations where starting currents were a 
problem. These designs are now obsolete. 


424 ELECTRIC MACHINERY FUNDAMENTALS 


Example 7-6. A460-V, 30-hp, 60-Hz, four-pole, Y-connected induction motor has 
two possible rotor designs, a single-cage rotor and a double-cage rotor. (The stator is iden- 
tical for either rotor design.) The motor with the single-cage rotor may be modeled by the 
following impedances in ohms per phase referred to the stator circuit: 


R, = 0.6419 RR, = 0.3000 
X,= 0.7509 X,=05002 X, = 2630 


The motor with the double-cage rotor may be modeled as a tightly coupled, high- 
resistance outer cage in parallel with a loosely coupled, low-resistance inner cage (similar 
to the structure of Figure 7—-25c). The stator and magnetization resistance and reactances 
will be identical with those in the single-cage design. 

The resistance and reactance of the rotor outer cage are: 


R,, = 3.2002 X,, = 0.5000 


Note that the resistance is high because the outer bar has a small cross section, while the re- 
actance is the same as the reactance of the single-cage rotor, since the outer cage is very 
close to the stator, and the leakage reactance is small. 

The resistance and reactance of the inner cage are 


R,, = 04000  X,, = 3.3000 


Here the resistance is low because the bars have a large cross-sectional area, but the leak- 
age reactance is quite high. 

Calculate the torque—-speed characteristics associated with the two rotor designs. 
How do they compare? 


Solution 
The torque—-speed characteristic of the motor with the single-cage rotor can be calculated 
in exactly the same manner as Example 7-5. The torque—speed characteristic of the motor 
with the double-cage rotor can also be calculated in the same fashion, except that at each 
slip the rotor resistance and reactance will be the parallel combination of the impedances 
of the inner and outer cages. At low slips, the rotor reactance will be relatively unimportant, 
and the large inner cage will play a major part in the machine’s operation. At high slips, the 
high reactance of the inner cage almost removes it from the circuit. 

A MATLAB M-file to calculate and plot the two torque-speed characteristics is 
shown below: 


% M-file: torque_speed_2.m 
% M-file create and plot of the torque-speed curve of an 
% induction motor with a double-cage rotor design. 


% First, initialize the values needed in this program. 


rl = 0.641; % Stator resistance 
x1 = 0.750; % Stator reactance 
r2 = 0.300; % Rotor resistance for single- 
% cage motor 
r2i = 0.400; % Rotor resistance for inner 
% cage of double-cage motor 
r20 = 3.200; % Rotor resistance for outer 
% cage of double-cage motor 
x2 = 0.500; % Rotor reactance for single- 
% cage motor 
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x2i = 3.300; % Rotor reactance for inner 

% cage of double-cage motor 
x20 = 0.500; % Rotor reactance for outer 

% cage of double-cage motor 
xm = 26.3; % Magnetization branch reactance 
v_phase = 460 / sqrt(3); % Phase voltage 
n_synec = 1800; % Synchronous speed (r/min) 
w_sync = 188.5; % Synchronous speed (rad/s) 


% Calculate the Thevenin voltage and impedance from Equations 
% 7-A4la and 7-43. 
v_th = v_phase * ( xm / sqrt(r1*2 + (x1 + xm)%2) ); 


zth = ((j*xm) * (rl + j*x1)) / (rl + j*(x1 + xm)); 
r_th = real(z_th); 
x_th = imag(z_th); 


% Now calculate the motor speed for many slips between 
% 0 and 1. Note that the first slip value is set to 

% 0.001 instead of exactly 0 to avoid divide-by-zero 

% problems. 

s 


= (0:1:50) / 50; 2 Slip 
s(1) = 0.001; % Avoid division-by-zero 
nm = (1 - s) * n_synec; % Mechanical speed 


% Calculate torque for the single-cage rotor. 
for ii = 1:51 
t_ind1(ii) = (3 * v_th*2 * r2 / s(ii)) / 
(wisyne * ((r_th + r2/s(ii))*2 + (x_th + x2)%2) ); 
end 


% Calculate resistance and reactance of the double-cage 
% rotor at this slip, and then use those values to 
% calculate the induced torque. 
for ii = 1:51 
yr = 1/(r2i + j*s(ii)*x2i) + 1/(r20 + j*s(ii)*x20); 


zr = 1l/y_r; % Effective rotor impedance 
r2eff = real(z_r); % Effective rotor resistance 
x2eff = imag(z_r); % Effective rotor reactance 


% Calculate induced torque for double-cage rotor. 
t_ind2(ii) = (3 * vith*2 * r2eff / s(ii)) / 
(wisyne * ((r_th + r2eff/s(ii))*2 + (x_th + x2eff£)%*2) ); 
end 


% Plot the torque-speed curves 

plot (nm,t_ind1, 'Color','k', "Linewidth',2.0); 

hold on; 

plot (nm,t_ind2,'color','k','Linewidth',2.0,'LineStyle','-."); 

xlabel('\itn_{m}', 'Fontweight','Bold'); 

ylabel('\tau_{ind}','Fontweight','Bold'); 

title (‘Induction motor torque-speed characteristics', 
'Fontweight','Bold'); 

legend ('Single-Cage Design', 'Double-Cage Design’); 

grid on; 

hold off; 
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FIGURE 7-29 
Comparison of torque—speed characteristics for the single- and double-cage rotors of Example 7-6. 


The resulting torque—speed characteristics are shown in Figure 7-29. Note that the double- 
cage design has a slightly higher slip in the normal operating range, a smaller maximum 
torque and a higher starting torque compared to the corresponding single-cage rotor design. 
This behavior matches our theoretical discussions in this section. 


7.7 TRENDS IN INDUCTION 
MOTOR DESIGN 


The fundamental ideas behind the induction motor were developed during the late 
1880s by Nicola Tesla, who received a patent on his ideas in 1888. At that time, 
he presented a paper before the American Institute of Electrical Engineers [ATEE, 
predecessor of today’s Institute of Electrical and Electronics Engineers (IEEE)| in 
which he described the basic principles of the wound-rotor induction motor, along 
with ideas for two other important ac motors—the synchronous motor and the re- 
luctance motor. 

Although the basic idea of the induction motor was described in 1888, the 
motor itself did not spring forth in full-fledged form. There was an initial period 
of rapid development, followed by a series of slow, evolutionary improvements 
which have continued to this day. 

The induction motor assumed recognizable modern form between 1888 and 
1895. During that period, two- and three-phase power sources were developed to 
produce the rotating magnetic fields within the motor, distributed stator windings 
were developed, and the cage rotor was introduced. By 1896, fully functional and 
recognizable three-phase induction motors were commercially available. 

Between then and the early 1970s, there was continual improvement in the 
quality of the steels, the casting techniques, the insulation, and the construction 
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FIGURE 7-30 

The evolution of the induction motor. The motors shown in this figure are all rated at 220 V and 15 

hp. There has been a dramatic decrease in motor size and material requirements in induction motors 
since the first practical ones were produced in the 1890s. (Courtesy of General Electric Company.) 


FIGURE 7-31 


Typical early large induction motors. The motors shown were rated at 2000 hp. (Courtesy of General 
Electric Company.) 

features used in induction motors. These trends resulted in a smaller motor for a 
given power output, yielding considerable savings in construction costs. In fact, a 
modern 100-hp motor is the same physical size as a 7.5-hp motor of 1897. This 
progression is vividly illustrated by the 15-hp induction motors shown in Figure 
7-30. (See also Figure 7-31.) 
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However, these improvements in induction motor design did not necessar- 
ily lead to improvements in motor operating efficiency. The major design effort 
was directed toward reducing the initial materials cost of the machines, not toward 
increasing their efficiency. The design effort was oriented in that direction because 
electricity was so inexpensive, making the up-front cost of a motor the principal 
criterion used by purchasers in its selection. 

Since the price of oil began its spectacular climb in 1973, the lifetime oper- 
ating cost of machines has become more and more important, and the initial in- 
stallation cost has become relatively less important. As a result of these trends, 
new emphasis has been placed on motor efficiency both by designers and by end 
users of the machines. 

New lines of high-efficiency induction motors are now being produced by 
all major manufacturers, and they are forming an ever-increasing share of the in- 
duction motor market. Several techniques are used to improve the efficiency of 
these motors compared to the traditional standard-efficiency designs. Among 
these techniques are 


1. More copper is used in the stator windings to reduce copper losses. 


2. The rotor and stator core length is increased to reduce the magnetic flux den- 
sity in the air gap of the machine. This reduces the magnetic saturation of the 
machine, decreasing core losses. 


3. More steel is used in the stator of the machine, allowing a greater amount of 
heat transfer out of the motor and reducing its operating temperature. The ro- 
tor’s fan is then redesigned to reduce windage losses. 


4. The steel used in the stator is a special high-grade electrical steel with low 
hysteresis losses. 


5. The steel is made of an especially thin gauge (i.e., the laminations are very 
close together), and the steel has a very high internal resistivity. Both effects 
tend to reduce the eddy current losses in the motor. 


6. The rotor is carefully machined to produce a uniform air gap, reducing the 
stray load losses in the motor. 


In addition to the general techniques described above, each manufacturer 
has his own unique approaches to improving motor efficiency. A typical high- 
efficiency induction motor is shown in Figure 7-32. 

To aid in the comparison of motor efficiencies, NEMA has adopted a stan- 
dard technique for measuring motor efficiency based on Method B of the IEEE 
Standard 112, Test Procedure for Polyphase Induction Motors and Generators. 
NEMA has also introduced a rating called NEMA nominal efficiency, which ap- 
pears on the nameplates of design class A, B, and C motors. The nominal effi- 
ciency identifies the average efficiency of a large number of motors of a given 
model, and it also guarantees a certain minimum efficiency for that type of motor. 
The standard NEMA nominal efficiencies are shown in Figure 7-33. 
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FIGURE 7-32 
A General Electric Energy Saver motor, typical of modern high-efficiency induction motors. 
(Courtesy of General Electric Company.) 


Nominal Guaranteed minimum Nominal Guaranteed minimum 
efficiency, % efficiency, % efficiency, % efficiency, % 
95.0 94.1 80.0 77.0 
94.5 93.6 78.5 75.5 
94.1 93.0 770 74.0 
93.6 92.4 75.5 72.0 
93.0 91.7 74.0 70.0 
92.4 91.0 72.0 68.0 
91.7 90.2 70.0 66.0 
91.0 89.5 68.0 64.0 
90.2 88.5 66.0 62.0 
89.5 87.5 64.0 59.5 
88.5 86.5 62.0 57.5 
87.5 85.5 59.5 55.0 
86.5 84.0 57.5 52.5 
85.5 82.5 55.0 50.5 
84.0 81.5 52.5 48.0 
82.5 80.0 50.5 46.0 

81.5 78.5 
FIGURE 7-33 


Table of NEMA nominal efficiency standards. The nominal efficiency represents the mean efficiency 
of a large number of sample motors, and the guaranteed minimum efficiency represents the lowest 
permissible efficiency for any given motor of the class. (Reproduced by permission from Motors and 
Generators, NEMA Publication MG-I, copyright 1987 by NEMA.) 
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Other standards organizations have also established efficiency standards for 
induction motors, the most important of which are the British (BS-269), IEC (IEC 
34-2), and Japanese (JEC-37) standards. However, the techniques prescribed for 
measuring induction motor efficiency are different in each standard and yield dif- 
ferent results for the same physical machine. If two motors are each rated at 82.5 
percent efficiency, but they are measured according to different standards, then 
they may not be equally efficient. When two motors are compared, it is important 
to compare efficiencies measured under the same standard. 


7.8. STARTING INDUCTION MOTORS 


Induction motors do not present the types of starting problems that synchronous 
motors do. In many cases, induction motors can be started by simply connecting 
them to the power line. However, there are sometimes good reasons for not doing 
this. For example, the starting current required may cause such a dip in the power 
system voltage that across-the-line starting is not acceptable. 

For wound-rotor induction motors, starting can be achieved at relatively low 
currents by inserting extra resistance in the rotor circuit during starting. This extra 
resistance not only increases the starting torque but also reduces the starting current. 

For cage induction motors, the starting current can vary widely depending 
primarily on the motor’s rated power and on the effective rotor resistance at start- 
ing conditions. To estimate the rotor current al starting conditions, all cage motors 
now have a starting code letter (not to be confused with their design class letter) 
on their nameplates. The code letter sets limits on the amount of current the mo- 
tor can draw at starting conditions. 

These limits are expressed in terms of the starting apparent power of the 
motor as a function of its horsepower rating. Figure 7-34 is a table containing the 
starting kilovoltamperes per horsepower for each code letter. 

To determine the starting current for an induction motor, read the rated volt- 
age, horsepower, and code letter from its nameplate. Then the starting apparent 
power for the motor will be 


Sun = (rated horsepower)(code letter factor) (7-55) 


and the starting current can be found from the equation 


Scan 
l= Ry, (7-56) 


Example 7-7. What is the starting current of a 15-hp, 208-V, code-letter-F, three- 
phase induction motor? 


Solution 
According to Figure 7-34, the maximum kilovoltamperes per horsepower is 5.6. Therefore, 
the maximum starting kilovoltamperes of this motor is 


Seaa = (15 hpX5.6) = 84 kVA 
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Nominal code Locked rotor, Nominal code Locked rotor, 
letter kVA/hp letter kVA/hp 
A 0-3.15 L 9.00-10.00 
B 3.15—-3.55 M 10.00-1 1.00 
Cc 3.55—4.00 N 11.20-12.50 
D 4.00-4.50 P 12.50-14.00 
E 4.50-5.00 R 14.00-16.00 
F 5.00-5.60 S 16.00-18.00 
G 5.60-6.30 T 18.00-20.00 
H 6.30-7.10 U 20.00-22.40 
J 7.7-8.00 Vv 22.40 and up 
K 8.00-9.00 
FIGURE 7-34 


Table of NEMA code letters, indicating the starting kilovoltamperes per horsepower of rating for a 
motor. Each code letter extends up to, but does not include, the lower bound of the next higher class. 
(Reproduced by permission from Motors and Generators, NEMA Publication MG-1, copyright [987 
by NEMA.) 


The starting current is thus 


Stan 
= Ry, (7-56) 


84kVA 
= ¥73(208 V) ~ 233 A 

If necessary, the starting current of an induction motor may be reduced by a 
starting circuit. However, if this is done, it will also reduce the starting torque of 
the motor. 

One way to reduce the starting current is to insert extra inductors or resis- 
tors into the power line during starting. While formerly common, this approach is 
rare today. An alternative approach is to reduce the motor’s terminal voltage dur- 
ing starting by using autotransformers to step it down. Figure 7-35 shows a typi- 
cal reduced-voltage starting circuit using autotransformers. During starting, con- 
tacts | and 3 are shut, supplying a lower voltage to the motor. Once the motor is 
nearly up to speed, those contacts are opened and contacts 2 are shut. These con- 
tacts put full line voltage across the motor. 

It is important to realize that while the starting current is reduced in direct 
proportion to the decrease in terminal voltage, the starting torque decreases as the 
square of the applied voltage. Therefore, only a certain amount of current reduc- 
tion can be done if the motor is to start with a shaft load attached. 
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Line terminals 
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Starting sequence: 
(a) Close | and 3 
(6) Open 1 and 3 
(c) Close 2 
FIGURE 7-35 


An autotransformer starter for an induction motor. 
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FIGURE 7-36 
A typical across-the-line starter for an induction motor. 


Induction Motor Starting Circuits 


A typical full-voltage or across-the-line magnetic induction motor starter circuit is 
shown in Figure 7—36, and the meanings of the symbols used in the figure are ex- 
plained in Figure 7-37. This operation of this circuit is very simple. When the 
start button is pressed, the relay (or contactor) coil M is energized, causing the 
normally open contacts M,, M,, and M, to shut. When these contacts shut, power 
is applied to the induction motor, and the motor starts. Contact M, also shuts, 
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5 |g — Push button: push to open 


o——(M}——— Relay coil; contacts change state 


when the coil energizes 


——_ | Normally open Contact open when coil deenergized 
—— Normally shut Contact shut when coil deenergized 


——————x-——- Overload heater 
OL 
——|f/—— Overload contact; opens when the heater 
gets too warm 
FIGURE 7-37 


Typical components found in induction motor control circuits. 


which shorts out the starting switch, allowing the operator to release it without re- 
moving power from the M relay. When the stop button is pressed, the M relay is 
deenergized, and the M contacts open, stopping the motor. 

A magnetic motor starter circuit of this sort has several built-in protective 
features: 


1. Short-circuit protection 
2. Overload protection 
3. Undervoltage protection 


Short-circuit protection for the motor is provided by fuses F,, F,, and F;. If 
a sudden short circuit develops within the motor and causes a current flow many 
times larger than the rated current, these fuses will blow, disconnecting the motor 
from the power supply and preventing it from burning up. However, these fuses 
must not burn up during normal motor starting, so they are designed to require 
currents many times greater than the full-load current before they open the circuit. 
This means that short circuits through a high resistance and/or excessive motor 
loads will not be cleared by the fuses. 

Overload protection for the motor is provided by the devices labeled OL in 
the figure. These overload protection devices consist of two parts, an overload 


434 ELECTRIC MACHINERY FUNDAMENTALS 


heater element and overload contacts. Under normal conditions, the overload con- 
tacts are shut. However, when the temperature of the heater elements rises far 
enough, the OL contacts open, deenergizing the M relay, which in turn opens the 
normally open M contacts and removes power from the motor. 

When an induction motor is overloaded, it is eventually damaged by the ex- 
cessive heating caused by its high currents. However, this damage takes time, and 
an induction motor will not normally be hurt by brief periods of high currents 
(such as starting currents). Only if the high current is sustained will damage occur. 
The overload heater elements also depend on heat for their operation, so they will 
not be affected by brief periods of high current during starting, and yet they will 
operate during long periods of high current, removing power from the motor be- 
fore it can be damaged. 

Undervoltage protection is provided by the controller as well. Notice from 
the figure that the control power for the M relay comes from directly across the 
lines to the motor. If the voltage applied to the motor falls too much, the voltage 
applied to the M relay will also fall and the relay will deenergize. The M contacts 
then open, removing power from the motor terminals. 

An induction motor starting circuit with resistors to reduce the starting cur- 
rent flow is shown in Figure 7-38. This circuit is similar to the previous one, ex- 
cept that there are additional components present to control removal of the start- 
ing resistor. Relays ITD, 2TD, and 3TD in Figure 7-38 are so-called time-delay 
relays, meaning that when they are energized there is a set time delay before their 
contacts shut. 

When the start button is pushed in this circuit, the M relay energizes and 
power is applied to the motor as before. Since the 1TD, 2TD, and 3TD contacts 
are all open, the full starting resistor is in series with the motor, reducing the start- 
ing current. 

When the M contacts close, notice that the ITD relay is energized. How- 
ever, there is a finite delay before the 1TD contacts close. During that time, the 
motor partially speeds up, and the starting current drops off some. After that time, 
the 1TD contacts close, cutting out part of the starting resistance and simultane- 
ously energizing the 2TD relay. After another delay, the 2TD contacts shut, cut- 
ting out the second part of the resistor and energizing the 3TD relay. Finally, the 
3TD contacts close, and the entire starting resistor is out of the circuit. 

By a judicious choice of resistor values and time delays, this starting circuit 
can be used to prevent the motor starting current from becoming dangerously 
large, while still allowing enough current flow to ensure prompt acceleration to 
normal operating speeds. 


7.9 SPEED CONTROL OF 
INDUCTION MOTORS 


Until the advent of modern solid-state drives, induction motors in general were 
not good machines for applications requiring considerable speed control. The 
normal operating range of a typical induction motor (design classes A, B, and C) 
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FIGURE 7-38 
A three-step resistive starter for an induction motor. 


is confined to less than 5 percent slip, and the speed variation over that range is 
more or less directly proportional to the load on the shaft of the motor. Even if the 
slip could be made larger, the efficiency of the motor would become very poor, 
since the rotor copper losses are directly proportional to the slip on the motor 
(remember that Pec. = SPac). 

There are really only two techniques by which the speed of an induction 
motor can be controlled. One is to vary the synchronous speed, which is the speed 
of the stator and rotor magnetic fields, since the rotor speed always remains near 
Nync- The other technique is to vary the slip of the motor for a given load. Each of 
these approaches will be taken up in more detail. 

The synchronous speed of an induction motor is given by 
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120 
Nig = oe (7-1) 


so the only ways in which the synchronous speed of the machine can be varied are 
(1) by changing the electrical frequency and (2) by changing the number of poles 
on the machine. Slip control may be accomplished by varying either the rotor re- 
sistance or the terminal voltage of the motor. 


Induction Motor Speed Control by Pole Changing 


There are two major approaches to changing the number of poles in an induction 
motor: 


1. The method of consequent poles 
2. Multiple stator windings 


The method of consequent poles is quite an old method for speed control, 
having been originally developed in 1897. It relies on the fact that the number of 
poles in the stator windings of an induction motor can easily be changed by a fac- 
tor of 2:1 with only simple changes in coil connections. Figure 7-39 shows a 


Winding 
connections 


FIGURE 7-39 
A two-pole stator winding for pole changing. Notice the very small rotor pitch of these windings. 
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simple two-pole induction motor stator suitable for pole changing. Notice that the 
individual coils are of very short pitch (60 to 90°). Figure 7-40 shows phase a of 
these windings separately for more clarity of detail. 

Figure 7-40a shows the current flow in phase a of the stator windings at an 
instant of time during normal operation. Note that the magnetic field leaves the sta- 
tor in the upper phase group (a north pole) and enters the stator in the lower phase 
group (a south pole). This winding is thus producing two stator magnetic poles. 


Connections 
at far end 
of stator 


FIGURE 7-40 

A close-up view of one phase of a pole-changing winding. (a) In the two-pole configuration, one coil 
is a north pole and the other one is a south pole. (b) When the connection on one of the two coils is 
reversed, they are both north poles, and the magnetic flux returns to the stator at points halfway 
between the two coils. The south poles are called consequent poles, and the winding is now a four- 
pole winding. 
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Now suppose that the direction of current flow in the lower phase group on 
the stator is reversed (Figure 7—-40b). Then the magnetic field will leave the stator 
in both the upper phase group and the lower phase group—each one will be a north 
magnetic pole. The magnetic flux in this machine must return to the stator between 
the two phase groups, producing a pair of consequent south magnetic poles. Notice 
that now the stator has four magnetic poles—twice as many as before. 

The rotor in such a motor is of the cage design, since a cage rotor always 
has as many poles induced in it as there are in the stator and can thus adapt when 
the number of stator poles changes. 

When the motor is reconnected from two-pole to four-pole operation, the 
resulting maximum torque of the induction motor can be the same as before 
(constant-torque connection), half of its previous value (square-law-torque con- 
nection, used for fans, etc.), or twice its previous value (constant-output-power 
connection), depending on how the stator windings are rearranged. Figure 7-41 
shows the possible stator connections and their effect on the torque—speed curve. 

The major disadvantage of the consequent-pole method of changing speed 
is that the speeds must be in a ratio of 2:1. The traditional approach to overcom- 
ing this limitation was to employ multiple stator windings with different numbers 
of poles and to energize only one set al a time. For example, a motor might be 
wound with a four-pole and a six-pole set of stator windings, and its synchronous 
speed on a 60-Hz system could be switched from 1800 to 1200 r/min simply by 
supplying power to the other set of windings. Unfortunately, multiple stator wind- 
ings increase the expense of the motor and are therefore used only when ab- 
solutely necessary. 

By combining the method of consequent poles with multiple stator wind- 
ings, it is possible to build a four-speed induction motor. For example, with sepa- 
rate four- and six-pole windings, it is possible to produce a 60-Hz motor capable 
of running at 600, 900, 1200, and 1800 r/min. 


Speed Control by Changing the Line Frequency 


If the electrical frequency applied to the stator of an induction motor is changed, 
the rate of rotation of its magnetic fields n,,,, will change in direct proportion to 
the change in electrical frequency, and the no-load point on the torque—speed 
characteristic curve will change with it (see Figure 7-42). The synchronous speed 
of the motor at rated conditions is known as the base speed. By using variable fre- 
quency control, it is possible to adjust the speed of the motor either above or be- 
low base speed. A properly designed variable-frequency induction motor drive 
can be very flexible. It can control the speed of an induction motor over a range 
from as little as 5 percent of base speed up to about twice base speed. However, it 
is important to maintain certain voltage and torque limits on the motor as the fre- 
quency is varied, to ensure safe operation. 

When running at speeds below the base speed of the motor, it is necessary 
to reduce the terminal voltage applied to the stator for proper operation. The ter- 
minal voltage applied to the stator should be decreased linearly with decreasing 
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FIGURE 7-41 


Possible connections of the stator coils in a pole-changing motor, together with the resulting 
torque—speed characteristics: (a) Constant-torque connection—the torque capabilities of the motor 
remain approximately constant in both high-speed and low-speed connections. (b) Constant- 
horsepower connection—the power capabilities of the motor remain approximately constant in both 
high-speed and low-speed connections. (c) Fan torque connection—the torque capabilities of the 
motor change with speed in the same manner as fan-type loads. 
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FIGURE 7-42 

Variable-frequency speed contro] in an induction motor: (a) The family of torque—speed 
characteristic curves for speeds below base speed, assuming that the line voltage is derated linearly 
with frequency. (b) The family of torque—speed characteristic curves for speeds above base speed, 
assuming that the line voltage is held constant. 
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FIGURE 7-42 (concluded) 
(c) The torque—-speed characteristic curves for all frequencies. 


stator frequency. This process is called derating. If it is not done, the steel in the 
core of the induction motor will saturate and excessive magnetization currents 
will flow in the machine. 

To understand the necessity for derating, recall that an induction motor is 
basically a rotating transformer. As with any transformer, the flux in the core of an 
induction motor can be found from Faraday’s law: 


— vad 
v(t) N at (1-36) 
If a voltage v(t) = Vay sin w# is applied to the core, the resulting flux is 


ft) = ni, 0 dt 


ee ee 
= Np {Vu sin wt dt 


Vu 
dt) = NE COs wt (7-57) 


Note that the electrical frequency appears in the denominator of this expression. 
Therefore, if the electrical frequency applied to the stator decreases by 10 percent 
while the magnitude of the voltage applied to the stator remains constant, the flux 
in the core of the motor will increase by about 10 percent and the magnetization 
current of the motor will increase. In the unsaturated region of the motor’s 
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magnetization curve, the increase in magnetization current will also be about 10 
percent. However, in the saturated region of the motor’s magnetization curve, a 10 
percent increase in flux requires a much larger increase in magnetization current. 
Induction motors are normally designed to operate near the saturation point on 
their magnetization curves, so the increase in flux due to a decrease in frequency 
will cause excessive magnetization currents to flow in the motor. (This same prob- 
lem was observed in transformers; see Section 2.12.) 

To avoid excessive magnetization currents, it is customary to decrease the 
applied stator voltage in direct proportion to the decrease in frequency whenever 
the frequency falls below the rated frequency of the motor. Since the applied volt- 
age v appears in the numerator of Equation (7-57) and the frequency w appears in 
the denominator of Equation (7-57), the two effects counteract each other, and the 
magnetization current is unaffected. 

When the voltage applied to an induction motor is varied linearly with fre- 
quency below the base speed, the flux in the motor will remain approximately 
constant. Therefore, the maximum torque which the motor can supply remains 
fairly high. However, the maximum power rating of the motor must be decreased 
linearly with decreases in frequency to protect the stator circuit from overheating. 
The power supplied to a three-phase induction motor is given by 


P = V3V, 1, cos 0 


If the voltage V, 1s decreased, then the maximum power P must also be decreased, 
or else the current flowing in the motor will become excessive, and the motor will 
overheat. 

Figure 7-42a shows a family of induction motor torque—speed characteris- 
tic curves for speeds below base speed, assuming that the magnitude of the stator 
voltage varies linearly with frequency. 

When the electrical frequency applied to the motor exceeds the rated fre- 
quency of the motor, the stator voltage is held constant at the rated value. Al- 
though saturation considerations would permit the voltage to be raised above the 
rated value under these circumstances, it is limited to the rated voltage to protect 
the winding insulation of the motor. The higher the electrical frequency above 
base speed, the larger the denominator of Equation (7-57) becomes. Since the nu- 
merator term is held constant above rated frequency, the resulting flux in the ma- 
chine decreases and the maximum torque decreases with it. Figure 7-42b shows a 
family of induction motor torque—speed characteristic curves for speeds above 
base speed, assuming that the stator voltage is held constant. 

If the stator voltage is varied linearly with frequency below base speed and 
is held constant at rated value above base speed, then the resulting family of 
torque—speed characteristics is as shown in Figure 7-42c. The rated speed for the 
motor shown in Figure 7-42 is 1800 r/min. 

In the past, the principal disadvantage of electrical frequency control as a 
method of speed changing was that a dedicated generator or mechanical fre- 
quency changer was required to make it operate. This problem has disappeared 
with the development of modern solid-state variable-frequency motor drives. In 
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FIGURE 7-43 
Variable-line-voltage speed control in an induction motor. 


fact, changing the line frequency with solid-state motor drives has become the 
method of choice for induction motor speed control. Note that this method can be 
used with any induction motor, unlike the pole-changing technique, which re- 
quires a motor with special stator windings. 

A typical solid-state variable-frequency induction motor drive will be de- 
scribed in Section 7.10. 


Speed Control by Changing the Line Voltage 


The torque developed by an induction motor is proportional to the square of the 
applied voltage. If a load has a torque—speed characteristic such as the one shown 
in Figure 7-43, then the speed of the motor may be controlled over a limited range 
by varying the line voltage. This method of speed control is sometimes used on 
small motors driving fans. 


Speed Control by Changing the Rotor Resistance 


In wound-rotor induction motors, it is possible to change the shape of the 
torque—speed curve by inserting extra resistances into the rotor circuit of the ma- 
chine. The resulting torque—speed characteristic curves are shown in Figure 7-44. 
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FIGURE 7-44 
Speed control by varying the rotor resistance of a wound-rotor induction motor. 


If the torque—speed curve of the load is as shown in the figure, then changing the 
rotor resistance will change the operating speed of the motor. However, inserting 
extra resistances into the rotor circuit of an induction motor seriously reduces the 
efficiency of the machine. Such a method of speed control is normally used only 
for short periods because of this efficiency problem. 


7.10 SOLID-STATE INDUCTION 
MOTOR DRIVES 


As mentioned in the previous section, the method of choice today for induction 
motor speed control is the solid-state variable-frequency induction motor drive. A 
typical drive of this sort is shown in Figure 7-45. The drive is very flexible: its in- 
put power can be either single-phase or three-phase, either 50 or 60 Hz, and any- 
where from 208 to 230 V. The output from this drive is a three-phase set of volt- 
ages whose frequency can be varied from O up to 120 Hz and whose voltage can 
be varied from O V up to the rated voltage of the motor. 

The output voltage and frequency control is achieved by using the pulse- 
width modulation (PWM) techniques described in Chapter 3. Both output frequency 
and output voltage can be controlled independently by pulse-width modulation. Fig- 
ure 7—46 illustrates the manner in which the PWM drive can control the output fre- 
quency while maintaining a constant rms voltage level, while Figure 7-47 illustrates 
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FIGURE 7-45 
A typical solid-state variable-frequency induction motor 
drive. (Courtesy of MagneTek, Inc.) 
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FIGURE 7-46 
Variable-frequency control with a PWM waveforin: (a) 60-Hz, 120-V PWM waveform; (b) 30-Hz, 
120-V PWM waveform. 
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FIGURE 7-47 
Variable voltage control with a PWM waveform: (a) 60-Hz, 120-V PWM waveform; (b) 60-Hz, 
60-V PWM waveform. 


the manner in which the PWM drive can control the rms voltage level while main- 
taining a constant frequency. 

As we described in Section 7.9, it is often desirable to vary the output fre- 
quency and output rms voltage together in a linear fashion. Figure 7-48 shows 
typical output voltage waveforms from one phase of the drive for the situation in 
which frequency and voltage are varied simultaneously in a linear fashion.* Fig- 
ure 7—-48a shows the output voltage adjusted for a frequency of 60 Hz and an rms 
voltage of 120 V. Figure 7-48b shows the output adjusted for a frequency of 30 
Hz and an rms voltage of 60 V, and Figure 7-48c shows the output adjusted for a 
frequency of 20 Hz and an rms voltage of 40 V. Notice that the peak voltage out 
of the drive remains the same in all three cases; the rms voltage level is controlled 
by the fraction of time the voltage is switched on, and the frequency is controlled 
by the rate at which the polarity of the pulses switches from positive to negative 
and back again. 

The typical induction motor drive shown in Figure 7-45 has many built-in 
features which contribute to its adjustability and ease of use. Here is a summary 
of some of these features. 


*The output waveforms in Figure 7-47 are actually simplified waveforms. The real induction motor 
drive has a much higher carrier frequency than that shown in the figure. 
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FIGURE 7-48 


Simultaneous voltage and frequency control with a PWM waveform: (a) 60-Hz, 120-V PWM 
waveform; (b) 30-Hz, 60-V PWM waveform; (c) 20-Hz, 40-V PWM waveform. 
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(c) 


Frequency (Speed) Adjustment 


The output frequency of the drive can be controlled manually from a control 
mounted on the drive cabinet, or it can be controlled remotely by an external volt- 
age or current signal. The ability to adjust the frequency of the drive in response 
to some external signal is very important, since it permits an external computer or 
process controller to control the speed of the motor in accordance with the over- 
all needs of the plant in which it is installed. 
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A Choice of Voltage and Frequency Patterns 


The types of mechanical loads which might be attached to an induction motor 
vary greatly. Some loads such as fans require very little torque when starting (or 
running at low speeds) and have torques which increase as the square of the speed. 
Other loads might be harder to start, requiring more than the rated full-load torque 
of the motor just to get the load moving. This drive provides a variety of voltage- 
versus-frequency patterns which can be selected to match the torque from the in- 
duction motor to the torque required by its load. Three of these patterns are shown 
in Figures 7-49 through 7-51. 

Figure 7-49a shows the standard or general-purpose voltage-versus- 
frequency pattern, described in the previous section. This pattern changes the out- 
put voltage linearly with changes in output frequency for speeds below base speed 
and holds the output voltage constant for speeds above base speed. (The small 
constant-vollage region at very low frequencies is necessary to ensure that there 
will be some starting torque at the very lowest speeds.) Figure 7-49b shows the 
resulting induction motor torque—speed characteristics for several operating fre- 
quencies below base speed. 

Figure 7-50a shows the voltage-versus-frequency pattern used for loads 
with high starting torques. This pattern also changes the output voltage linearly 
with changes in output frequency for speeds below base speed, but it has a shal- 
lower slope at frequencies below 30 Hz. For any given frequency below 30 Hz, 
the output voltage will be Aigher than it was with the previous pattern. This higher 
voltage will produce a higher torque, but at the cost of increased magnetic satura- 
tion and higher magnetization currents. The increased saturation and higher cur- 
rents are often acceptable for the short periods required to start heavy loads. Fig- 
ure 7-50b shows the induction motor torque-speed characteristics for several 
operating frequencies below base speed. Notice the increased torque available at 
low frequencies compared to Figure 7—49b. 

Figure 7-5la shows the voltage-versus-frequency pattern used for loads 
with low starting torques (called soft-start loads). This pattern changes the output 
voltage parabolically with changes in output frequency for speeds below base 
speed. For any given frequency below 60 Hz, the output voltage will be lower 
than it was with the standard pattern. This lower voltage will produce a lower 
torque, providing a slow, smooth start for low-torque loads. Figure 7-51b shows 
the induction motor torque—speed characteristics for several operating frequencies 
below base speed. Notice the decreased torque available at low frequencies com- 
pared to Figure 7-49, 


Independently Adjustable Acceleration 
and Deceleration Ramps 


When the desired operating speed of the motor is changed, the drive controlling it 
will change frequency to bring the motor to the new operating speed. If the speed 
change is sudden (e.g., an instantaneous jump from 900 to 1200 r/min), the drive 
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FIGURE 7-49 

(a) Possible voltage-versus-frequency patterns for the solid-state variable-frequency induction motor 
drive: general-purpose pattern. This pattern consists of a linear voltage—frequency curve below rated 
frequency and a constant voltage above rated frequency. (b) The resulting torque—speed 
characteristic curves for speeds below rated frequency (speeds above rated frequency look like 
Figure 7—41b). 
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FIGURE 7-50 

(a) Possible voltage-versus-frequency patterns for the solid-state variable-frequency induction motor 
drive: high-starting-torque pattern. This is a modified voltage-frequency pattern suitable for loads 
requiring high starting torques. It is the same as the linear voltage—frequency pattern except at low 
speeds, The voltage is disproportionately high at very low speeds, which produces extra torque at the 
cost of a higher magnetization current. (b) The resulting torque—speed characteristic curves for 
speeds below rated frequency (speeds above rated frequency look like Figure 7—41b). 
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FIGURE 7-51 

(a) Possible voltage-versus-frequency patterns for the solid-state variable-frequency induction motor 
drive: fan torque patiern. This is a voltage—frequency pattern suitable for use with motors driving 
fans and centrifugal pumps, which have a very low starting torque. (b) The resulting torque—speed 
characteristic curves for speeds below rated frequency (speeds above rated frequency look like 
Figure 7-41b). 
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does not try to make the motor instantaneously jump from the old desired speed 
to the new desired speed. Instead, the rate of motor acceleration or deceleration is 
limited to a safe level by special circuits built into the electronics of the drive. 
These rates can be adjusted independently for accelerations and decelerations. 


Motor Protection 


The induction motor drive has built into it a variety of features designed to protect 
the motor attached to the drive. The drive can detect excessive steady-state cur- 
rents (an overload condition), excessive instantaneous currents, overvoltage con- 
ditions, or undervoltage conditions. In any of the above cases, it will shut down 
the motor. 

Induction motor drives like the one described above are now so flexible and 
reliable that induction motors with these drives are displacing dc motors in many 
applications which require a wide range of speed variation. 


7.11. DETERMINING CIRCUIT 
MODEL PARAMETERS 


The equivalent circuit of an induction motor is a very useful tool for determining 
the motor’s response to changes in load. However, if a model is to be used for a 
real machine, it is necessary to determine what the element values are that go into 
the model. How can R,, Rj, X;, X2, and X,, be determined for a real motor? 

These pieces of information may be found by performing a series of tests on 
the induction motor that are analogous to the short-circuit and open-circuit tests in 
a transformer. The tests must be performed under precisely controlled conditions, 
since the resistances vary with temperature and the rotor resistance also varies 
with rotor frequency. The exact details of how each induction motor test must be 
performed in order to achieve accurate results are described in IEEE Standard 
112. Although the details of the tests are very complicated, the concepts behind 
them are relatively straightforward and will be explained here. 


The No-Load Test 


The no-load test of an induction motor measures the rotational losses of the mo- 
tor and provides information about its magnetization current. The test circuit for 
this test is shown in Figure 7-52a. Wattmeters, a voltmeter, and three ammeters 
are connected to an induction motor, which is allowed to spin freely. The only 
load on the motor is the friction and windage losses, so all P,,,, in this motor is 
consumed by mechanical losses, and the slip of the motor is very small (possibly 
as small as 0.001 or less). The equivalent circuit of this motor is shown in Figure 
7-52b, With its very small slip, the resistance corresponding to its power con- 
verted, R,(1 — s)/s, is much much larger than the resistance corresponding to the 
rotor copper losses R, and much larger than the rotor reactance X). In this case, the 
equivalent circuit reduces approximately to the last circuit in Figure 7-52b. There, 


Variable 
voltage, 
variable 


frequency, 
three-phase 


power 
source 


I, 
+ 90 
Initial 
equivalent y 
circuit: : 
A 
Since =, 
R, (3 m2 
2 (-) >> Ry 
and 
Ry (=) >> X), v, 
this circuit 
reduces to: -o 


Combining 
Rpew and 
Rc yields: 


FIGURE 7-52 
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_ ttt le 
Ry 
Ry G5) 
Bu Rea w=R, C=) 


Reriction, windage, 
& core >> Xu 


The no-load test of an induction motor: (a) test circuit; (b) the resulting motor equivalent circuit. 
Note that at no load the motor’s impedance is essentially the series combination of Rj, jX,, and jXyy. 


the output resistor is in parallel with the magnetization reactance Xj, and the core 


losses Re. 


In this motor at no-load conditions, the input power measured by the meters 
must equal the losses in the motor. The rotor copper losses are negligible because 
the current J, is extremely small [because of the large load resistance R,(1 — 5)/s], 
so they may be neglected. The stator copper losses are given by 
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Psc = 317 R, (7-25) 


so the input power must equal 


Pia = Poor + Foore + Praw + Prise 
= BIT R, + Prot (7-58) 
where P.,, is the rotational losses of the motor: 
Prot = Prore + Praw + Praise (7-59) 


Thus, given the input power to the motor, the rotational losses of the machine may 
be determined. 

The equivalent circuit that describes the motor operating in this condition 
contains resistors Re and R,(1 — s)/s in parallel with the magnetizing reactance Xy. 
The current needed to establish a magnetic field is quite large in an induction mo- 
tor, because of the high reluctance of its air gap, so the reactance Xy will be much 
smaller than the resistances in parallel with it and the overall input power factor 
will be very small. With the large lagging Current, most of the voltage drop will be 
across the inductive components in the circuit. The equivalent input impedance is 
thus approximately 


(7-60) 


and if X, can be found in some other fashion, the magnetizing impedance Xj will 
be known for the motor. 


The DC Test for Stator Resistance 


The rotor resistance R, plays an extremely critical role in the operation of an in- 
duction motor. Among other things, R, determines the shape of the torque—speed 
curve, determining the speed at which the pullout torque occurs. A standard mo- 
tor test called the /ocked-rotor test can be used to determine the total motor circuit 
resistance (this test is taken up in the next section). However, this test finds only 
the total resistance. To find the rotor resistance R, accurately, it is necessary to 
know R, so that it can be subtracted from the total. 

There is a test for R, independent of R,, X, and X,. This test is called the de 
test. Basically, a dc voltage is applied to the stator windings of an induction mo- 
tor. Because the current is dc, there is no induced voltage in the rotor circuit and 
no resulting rotor current flow. Also, the reactance of the motor is zero at direct 
current. Therefore, the only quantity limiting current flow in the motor is the sta- 
tor resistance, and that resistance can be determined. 

The basic circuit for the dc test is shown in Figure 7-53. This figure shows 
adc power supply connected to two of the three terminals of a Y-connected in- 
duction motor. To perform the test, the current in the stator windings is adjusted to 
the rated value, and the voltage between the terminals is measured. The current in 
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FIGURE 7-53 
Test circuit for a de resistance test. 


the stator windings is adjusted to the rated value in an attempt to heat the wind- 
ings to the same temperature they would have during normal operation (remem- 
ber, winding resistance is a function of temperature). 

The current in Figure 7-53 flows through two of the windings, so the total 
resistance in the current path is 2R,. Therefore, 


Voc 
ae a 
V 
or R, = 2. (7-61) 


With this value of R, the stator copper losses at no load may be determined, 
and the rotational losses may be found as the difference between the input power 
at no load and the stator copper losses. 

The value of R, calculated in this fashion is not completely accurate, since 
it neglects the skin effect that occurs when an ac voltage is applied to the wind- 
ings. More details concerning corrections for temperature and skin effect can be 
found in IEEE Standard 112. 


The Locked-Rotor Test 


The third test that can be performed on an induction motor to determine its circuit 
parameters is called the locked-rotor test, or sometimes the blocked-rotor test. 
This test corresponds to the short-circuit test on a transformer. In this test, the ro- 
tor is locked or blocked so that it cannot move, a voltage is applied to the motor, 
and the resulting voltage, current, and power are measured. 

Figure 7-54a shows the connections for the locked-rotor test. To perform 
the locked-rotor test, an ac voltage is applied to the stator, and the current flow is 
adjusted to be approximately full-load value. When the current is full-load value, 
the voltage, current, and power flowing into the motor are measured. The equiva- 
lent circuit for this test is shown in Figure 7—54b. Notice that since the rotor is not 
moving, the slip s = |, and so the rotor resistance R,/s is just equal to R, (quite a 
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FIGURE 7-54 
The locked-rotor test for an induction motor: (a) test circuit: (b) motor equivalent circuit. 


small value). Since R, and X; are so small, almost all the input current will flow 
through them, instead of through the much larger magnetizing reactance Xy. 
Therefore, the circuit under these conditions looks like a series combination of X,, 
R,, X>, and R>. 

There is one problem with this test, however. In normal operation, the stator 
frequency is the line frequency of the power system (50 or 60 Hz). At starting con- 
ditions, the rotor is also at line frequency. However, at normal operating conditions, 
the slip of most motors is only 2 to 4 percent, and the resulting rotor frequency is 
in the range of | to 3 Hz. This creates a problem in that the line frequency does not 
represent the normal operating conditions of the rotor. Since effective rotor resis- 
tance is a strong function of frequency for design class B and C motors, the incor- 
rect rotor frequency can lead to misleading results in this test. A typical compro- 
mise is to use a frequency 25 percent or less of the rated frequency. While this 
approach is acceptable for essentially constant resistance rotors (design classes A 
and D), it leaves a lot to be desired when One is trying to find the normal rotor re- 
sistance of a variable-resistance rotor. Because of these and similar problems, a 
great deal of care must be exercised in taking measurements for these tests. 
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After a test voltage and frequency have been set up, the current flow in the 
motor is quickly adjusted to about the rated value, and the input power, voltage, 
and current are measured before the rotor can heat up too much. The input power 
to the motor is given by 


P = V3V,I, cos 6 


so the locked-rotor power factor can be found as 


P. 
PF = cos @ = —“* 7-62 
V3V;1, Meee) 


and the impedance angle @ is just equal to cos“! PF. 
The magnitude of the total impedance in the motor circuit at this time is 


(7-63) 
and the angle of the total impedance is @. Therefore, 
Zr = Rint iXirz 
= |Z,g|cos @ + j|Z,g|sin (7-64) 


The locked-rotor resistance R, p is equal to 


0-65) 


while the locked-rotor reactance X}p is equal to 


Xip = Xi + X43 (7-66) 
where X, and X, are the stator and rotor reactances at the test frequency, 
respectively. 

The rotor resistance R, can now be found as 


R = Rie a R, (7-67) 


where R, was determined in the dc test. The total rotor reactance referred to the sta- 
tor can also be found. Since the reactance is directly proportional to the frequency, 
the total equivalent reactance at the normal operating frequency can be found as 


Unfortunately, there is no simple way to separate the contributions of the 
stator and rotor reactances from each other. Over the years, experience has shown 
that motors of certain design types have certain proportions between the rotor and 
stator reactances. Figure 7-55 summarizes this experience. In normal practice, it 
really does not matter just how X;p 1s broken down, since the reactance appears as 
the sum X, + X, in all the torque equations. 


458 ELECTRIC MACHINERY FUNDAMENTALS 


X, and X, as functions of X_p 


Rotor Design X; 
Wound rotor 0.5 Xipz 
Design A 0.5 Xip 
Design B 0.6 Xip 
Design C 0.7 Xip 
Design D 0.5 Xie 
FIGURE 7-55 


Rules of thumb for dividing rotor and stator circuit reactance. 


Example 7-8. The following test data were taken on a 7.5-hp, four-pole, 208-V, 
60-Hz, design A, Y-connected induction motor having a rated current of 28 A. 


DC test: 


Voc = 13.6 V Ipc = 28.0A 
No-load test: 
V7 = 208 V f= 60Hz 
=812A P,, = 420 W 
Tp = 8.20A 
To =8.18A 
Locked-rotor test: 
V7=25V f=15Hz 
1, = 28.1A P,, = 920 W 
fp = 280A 
le = 276A 


(a) Sketch the per-phase equivalent circuit for this motor. 
(b) Find the slip at the pullout torque, and find the value of the pullout torque itself. 


Solution 
(a) From the dc test, 


R, = se = 5 = 0.24380 


From the no-load test, 


Figg SBN AONB 


(b) 
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Therefore, 


20V 
Zn] = * 


RITA ~ 1470 =X, + Xy, 
When X;, is known, Xy can be found. The stator copper losses are 
Poop, = 317 Ry = 3(8.17 A)?(0.243 OQ) = 48.7 W 
Therefore, the no-load rotational losses are 
Frot = Fa — Peers 
= 420 W — 48.7 W = 371.3 W 
From the locked-rotor test, 


— 28.1A + 280A + 276A 


tay Sg ee 279A 
The locked-rotor impedance is 
ees 25V 
— @_ TF __ +) Ve 
Z.a| = i, = VBI, = VROT9A) = 05170 


and the impedance angle 0 is 


| 
@ = cos WV rl, 


ee 920 W 
V3(25 V\(27.9 A) 


= cos! 0.762 = 40.4° 


Therefore, Rip = 0.517 cos 40.4° = 0.394 D = R, + Ro. Since R, = 0.243 0, 
R, must be 0.151 0. The reactance at 15 Hz is 


Xtip = 0.517 sin 40.4° = 0.335 0 


The equivalent reactance at 60 Hz is 


Siebel (soH2) 
xX’, = (4) 0335.0 = 1340 
faa TRONS Hz 


Xir = 
For design class A induction motors, this reactance is assumed to be divided 
equally between the rotor and stator, so 

X, = X, = 0670 

Xy = |Za| — X; = 14.70 - 0.670 = 14.030 


The final per-phase equivalent circuit is shown in Figure 7-56. 
For this equivalent circuit, the Thevenin equivalents are found from Equations 
(7-41b), (7-44), and (7-45) to be 


Vry = 114.6 V Rry = 0.221 02 Xm = 0.670 
Therefore, the slip at the pullout torque is given by 
. oe 
mix VRiy + (Xqy + X,)? 8 
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Ri Xx jXq = j0.670 


0.243 2 j0.672 


Re 


FIGURE 7-56 
Motor per-phase equivalent circuit for Example 7-8. 


iii = 11.1% 


V(0.243 2)? + (0.67.2 + 0.67.9) 
The maximum torque of this motor is given by 
3V2, 
T. = 


7 3(114.6 V? 
2(188.5 rad/s)[0.221 2 + V(0.221 NY + (0.67 O + 0.67 OY?! 


= 66.2Nem 


(7-54) 


7.12 > THE INDUCTION GENERATOR 


The torque—speed characteristic curve in Figure 7-20 shows that if an induction 
motor is driven at a speed greater than n,,,, by an external prime mover, the di- 
rection of its inducted torque will reverse and it will act as a generator. As the 
torque applied to its shaft by the prime mover increases, the amount of power pro- 
duced by the induction generator increases. As Figure 7-57 shows, there is a max- 
imum possible induced torque in the generator mode of operation. This torque is 
known as the pushover torque of the generator. If a prime mover applies a torque 
greater than the pushover torque to the shaft of an induction generator, the gener- 
ator will overspeed. 

As a generator, an induction machine has severe limitations. Because it 
lacks a separate field circuit, an induction generator cannot produce reactive 
power. In fact, it consumes reactive power, and an external source of reactive 
power must be connected to it at all times to maintain its stator magnetic field. 
This external source of reactive power must also control the terminal voltage of 
the generator—with no field current, an induction generator cannot control its 
own output voltage. Normally, the generator’s voltage is maintained by the exter- 
nal power system to which it is connected. 

The one great advantage of an induction generator is its simplicity. An in- 
duction generator does not need a separate field circuit and does not have to be 
driven continuously at a fixed speed. As long as the machine’s speed is some 
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FIGURE 7-57 


The torque—speed characteristic of an induction machine, showing the generator region of operation. 
Note the pushover torque. 


value greater than n,,,, for the power system to which it is connected, it will func- 
tion as a generator. The greater the torque applied to its shaft (up to a certain 
point), the greater its resulting output power. The fact that no fancy regulation is 
required makes this generator a good choice for windmills, heat recovery systems, 
and similar supplementary power sources attached to an existing power system. In 
such applications, power-factor correction can be provided by capacitors, and the 
generator’s terminal voltage can be controlled by the external power system. 


The Induction Generator Operating Alone 


It is also possible for an induction machine to function as an isolated generator, in- 
dependent of any power system, as long as capacitors are available to supply the 
reactive power required by the generator and by any attached loads. Such an iso- 
lated induction generator is shown in Figure 7-58. 

The magnetizing current Jy required by an induction machine as a function 
of terminal voltage can be found by running the machine as a motor at no load and 
measuring its armature current as a function of terminal voltage. Such a magneti- 
zation curve is shown in Figure 7-59a. To achieve a given voltage level in an in- 
duction generator, external capacitors must supply the magnetization current cor- 
responding to that level. 

Since the reactive current that a capacitor can produce is directly proportional 
to the voltage applied to it, the locus of all possible combinations of voltage and 
current through a capacitor is a straight line. Such a plot of voltage versus current 
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FIGURE 7-58 
An induction generator operating alone with a capacitor bank to supply reactive power. 


for a given frequency is shown in Figure 7—59b. [f a three-phase set of capacitors 
is connected across the terminals of an induction generator, the no-load voltage of 
the induction generator will be the intersection of the generator’s magnetization 
curve and the capacitors load line. The no-load terminal voltage of an induction 
generator for three different sets of capacitance is shown in Figure 7—59c. 

How does the voltage build up in an induction generator when it is first 
started? When an induction generator first starts to turn, the residual magnetism in 
its field circuit produces a small voltage. That small voltage produces a capacitive 
current flow, which increases the voltage, further increasing the capacitive cur- 
rent, and so forth until the voltage is fully built up. If no residual flux is present in 
the induction generator’s rotor, then its voltage will not build up, and it must be 
magnetized by momentarily running it as a motor. 

The most serious problem with an induction generator is that its voltage 
varies wildly with changes in load, especially reactive load. Typical terminal char- 
acteristics of an induction generator operating alone with a constant parallel ca- 
pacitance are shown in Figure 7-60. Notice that, in the case of inductive loading, 
the voltage collapses very rapidly. This happens because the fixed capacitors must 
supply all the reactive power needed by both the load and the generator, and any 
reactive power diverted to the load moves the generator back along its magneti- 
zation curve, causing a major drop in generator voltage. It is therefore very diffi- 
cult to start an induction motor on a power system supplied by an induction gen- 
erator—special techniques must be employed to increase the effective capacitance 
during starting and then decrease it during normal operation. 

Because of the nature of the induction machine’s torque—speed characteristic, 
an induction generator’s frequency varies with changing loads: but since the 
torque—speed characteristic is very steep in the normal operating range. the total fre- 
quency variation is usually limited to less than 5 percent. This amount of variation 
may be quite acceptable in many isolated or emergency generator applications. 
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(a) The magnetization curve of an induction machine. It is a plot of the terminal voltage of the 
machine as a function of its magnetization current (which /ags the phase voltage by approximately 
90°). (b) Plot of the voltage—current characteristic of a capacitor bank. Note that the larger the 
capacitance, the greater its current for a given voltage. This current /eads the phase voltage by 
approximately 90°. (c) The no-load terminal voltage for an isolated induction generator can be found 
by plotting the generator terminal characteristic and the capacitor voltage—current characteristic on a 
single set of axes. The intersection of the two curves is the point at which the reactive power 
demanded by the generator is exactly supplied by the capacitors, and this point gives the no-load 


terminal voliage of the generator. 
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i, 


FIGURE 7-60 
The terminal voltage—current characteristic of an induction generator for a load with a constant 
lagging power factor. 


Induction Generator Applications 


Induction generators have been used since early in the twentieth century, but by 
the 1960s and 1970s they had largely disappeared from use. However, the induc- 
tion generator has made a comeback since the oil price shocks of 1973. With en- 
ergy costs so high, energy recovery became an important part of the economics of 
most industrial processes. The induction generator is ideal for such applications 
because it requires very little in the way of control systems or maintenance. 

Because of their simplicity and small size per kilowatt of output power, in- 
duction generators are also favored very strongly for small windmills. Many com- 
mercial windmills are designed to operate in parallel with large power systems, 
supplying a fraction of the customer’s total power needs. In such operation, the 
power system can be relied on for voltage and frequency control, and static ca- 
pacitors can be used for power-factor correction. 


7.13) INDUCTION MOTOR RATINGS 


A nameplate for a typical high-efficiency integral-horsepower induction motor is 
shown in Figure 7-61. The most important ratings present on the nameplate are 


1, Output power 

2. Voltage 

3. Current 

4. Power factor 

5. Speed 

6. Nominal efficiency 
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FIGURE 7-61 
The nameplate of a typical high-efficiency induction motor. (Courtesy of MagneTek, Inc.) 


7, NEMA design class 
8. Starting code 


A nameplate for a typical standard-efficiency induction motor would be similar, 
except that it might not show a nominal efficiency. 

The voltage limit on the motor is based on the maximum acceptable mag- 
netization current flow, since the higher the voltage gets, the more saturated the 
motor’s iron becomes and the higher its magnetization current becomes. Just as in 
the case of transformers and synchronous machines, a 60-Hz induction motor may 
be used on a 50-Hz power system, but only if the voltage rating is decreased by an 
amount proportional to the decrease in frequency. This derating is necessary be- 
cause the flux in the core of the motor is proportional to the integral of the applied 
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voltage. To keep the maximum flux in the core constant while the period of inte- 
gration is increasing, the average voltage level must decrease. 

The current limit on an induction motor is based on the maximum acceptable 
heating in the motor’s windings, and the power limit is set by the combination of 
the voltage and current ratings with the machine’s power factor and efficiency. 

NEMA design classes, starting code letters, and nominal efficiencies were 
discussed in previous sections of this chapter. 


7.14 SUMMARY 


The induction motor is the most popular type of ac motor because of its simplicity 
and ease of operation. An induction motor does not have a separate field circuit; in- 
stead, it depends on transformer action to induce voltages and currents in its field 
circuit. In fact, an induction motor is basically a rotating transformer. Its equivalent 
circuit 1s similar to that of a transformer, except for the effects of varying speed. 

An induction motor normally operates at a speed near synchronous speed, 
but it can never operate at exactly n,,,,. There must always be some relative mo- 
tion in order to induce a voltage in the induction motor’s field circuit. The rotor 
voltage induced by the relative motion between the rotor and the stator magnetic 
field produces a rotor current, and that rotor current interacts with the stator mag- 
netic field to produce the induced torque in the motor. 

In an induction motor, the slip or speed at which the maximum torque oc- 
curs can be controlled by varying the rotor resistance. The value of that maximum 
torque is independent of the rotor resistance. A high rotor resistance lowers the 
speed at which maximum torque occurs and thus increases the starting torque of 
the motor. However, it pays for this starting torque by having very poor speed reg- 
ulation in its normal operating range. A low rotor resistance, on the other hand, re- 
duces the motor’s starting torque while improving its speed regulation. Any nor- 
mal induction motor design must be a compromise between these two conflicting 
requirements. 

One way to achieve such a compromise is to employ deep-bar or double- 
cage rotors. These rotors have a high effective resistance at starting and a low ef- 
fective resistance under normal running conditions, thus yielding both a high 
starting torque and good speed regulation in the same motor. The same effect can 
be achieved with a wound-rotor induction motor if the rotor field resistance is 
varied. 

Speed control of induction motors can be accomplished by changing the 
number of poles on the machine, by changing the applied electrical frequency, by 
changing the applied terminal voltage, or by changing the rotor resistance in the 
case of a wound-rotor induction motor. 

The induction machine can also be used as a generator as long as there is 
some source of reactive power (capacitors or a synchronous machine) available in 
the power system. An induction generator operating alone has serious voltage reg- 
ulation problems, but when it operates in parallel with a large power system, the 
power system can control the machine’s voltage. Induction generators are usually 
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rather small machines and are used principally with alternative energy sources, 
such as windmills, or with energy recovery systems. Almost all the really large 
generators in use are synchronous generators. 


QUESTIONS 


7-1. 
7-2. 
7-3. 
7. 
7-5. 
7-6. 
7-7, 
7-8. 
7-9, 


7-10. 
7-H. 


7-12. 
7-13. 


7-14, 
7-15. 
7-16. 
7-17. 


7-18. 
7-19, 
7-20. 
7-21. 
7-22. 


7-23. 


7-24, 


What are slip and slip speed in an induction motor? 

How does an induction motor develop torque? 

Why is it impossible for an induction motor to operate at synchronous speed? 
Sketch and explain the shape of a typical induction motor torque—speed characteris- 
tic curve. 

What equivalent circuit element has the most direct control over the speed at which 
the pullout torque occurs? 

What is a deep-bar cage rotor? Why is it used? What NEMA design class(es) can be 
built with it? 

What is a double-cage cage rotor? Why is it used? What NEMA design class(es) can 
be built with it? 

Describe the characteristics and uses of wound-rotor induction motors and of each 
NEMA design class of cage motors. 

Why is the efficiency of an induction motor (wound-rotor or cage) so poor at high 
slips? 

Name and describe four means of controlling the speed of induction motors. 

Why is it necessary to reduce the voltage applied to an induction motor as electrical 
frequency is reduced? 

Why is terminal voltage speed control limited in operating range? 

What are starting code factors? What do they say about the starting current of an in- 
duction motor? 

How does a resistive starter circuit for an induction motor work? 

What information is learned in a locked-rotor test? 

What information is learned in a no-load test? 

What actions are taken to improve the efficiency of modern high-efficiency induc- 
tion motors? 

What controls the terminal voltage of an induction generator operating alone? 

For what applications are induction generators typically used? 

How can a wound-rotor induction motor be used as a frequency changer? 

How do different voltage-frequency patterns affect the torque—speed characteristics 
of an induction motor? 

Describe the major features of the solid-state induction motor drive featured in Sec- 
tion 7.10. 

Two 480-V, 100-hp induction motors are manufactured. One is designed for 50-Hz 
operation, and one is designed for 60-Hz operation, but they are otherwise similar. 
Which of these machines is larger? 

An induction motor is running at the rated conditions. If the shaft load is now in- 
creased, how do the following quantities change? 

(a) Mechanical speed 

(b) Slip 
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(c) Rotor induced voltage 
(d) Rotor current 

(e) Rotor frequency 

() Pret 

(g) Synchronous speed 


PROBLEMS 


7-1. 


7-2. 


7-3. 


7-4. 


7-6, 


7-7. 


Adc test is performed on a 460-V, A-connected, 100-hp induction motor. If Voc = 
24 V and Jpc = 80A, what is the stator resistance R,? Why is this so? 

A 220-V, three-phase, two-pole, 50-Hz induction motor is running at a slip of 5 per- 
cent. Find: 

(a) The speed of the magnetic fields in revolutions per minute 

(b) The speed of the rotor in revolutions per minute 

(c) The slip speed of the rotor 

(d) The rotor frequency in hertz 

Answer the questions in Problem 7-2 for a 480-V, three-phase, four-pole, 60-Hz in- 
duction motor running at a slip of 0.035. 

A three-phase, 60-Hz induction motor runs at 890 r/min at no load and at 840 r/min 
at full load. 

(a) How many poles does this motor have? 

(6) What is the slip at rated load? 

(c) What is the speed at one-quarter of the rated load? 

(d) What is the rotor’s electrical frequency at one-quarter of the rated load? 
A50-kW, 440-V, 50-Hz, six-pole induction motor has a slip of 6 percent when op- 
erating at full-load conditions. At full-load conditions, the friction and windage 
losses are 300 W, and the core losses are 600 W. Find the following values for full- 
load conditions: 

(a) The shaft speed nz, 

(b) The output power in watts 

(c) The load torque Tiaq in newton-meters 

(d) The induced torque 7,94 in newton-meters 

(e) The rotor frequency in hertz 

A three-phase, 60-Hz, four-pole induction motor runs at a no-load speed of 1790 
r/min and a full-load speed of 1720 r/min. Calculate the slip and the electrical fre- 
quency of the rotor at no-load and full-load conditions. What is the speed regulation 
of this motor [Equation (4-68)]? 

A 208-V, two-pole, 60-Hz, Y-connected wound-rotor induction motor is rated at 
15 hp. Its equivalent circuit components are 


R, = 0.200 0, R, = 0.1200 Xy = 15.00 
X, = 0.4100 X, =0.4100 
Puech = 250 W Praise = O P ccce = 180 W 
For a slip of 0.05, find 


(a) The line current J, 
(b) The stator copper losses Pscy 
(c) The air-gap power Pag 


7-8, 


7-9. 


7-10. 


7-11. 


7-12. 


7-13. 


7-14, 
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(d) The power converted from electrical to mechanical form Pyooy 

(e) The induced torque 7,4 

(f) The load torque to.4 

(g) The overall machine efficiency 

(h) The motor speed in revolutions per minute and radians per second 

For the motor in Problem 7-7, what is the slip at the pullout torque? What is the 

pullout torque of this motor? 

(a) Calculate and plot the torque—speed characteristic of the motor in Problem 7-7. 

(b) Calculate and plot the output power versus speed curve of the motor in Prob- 
lem 7-7. 

For the motor of Problem 7-7, how much additional resistance (referred to the sta- 

tor circuit) would it be necessary to add to the rotor circuit to make the maximum 

torque occur at starting conditions (when the shaft is not moving)? Plot the 

torque—speed characteristic of this motor with the additional resistance inserted. 

If the motor in Problem 7-7 is to be operated on a 50-Hz power system, what must 

be done to its supply voltage? Why? What will the equivalent circuit component 

values be at 50 Hz? Answer the questions in Problem 7-7 for operation at 50 Hz 

with a slip of 0.05 and the proper voltage for this machine. 

Figure 7-18a shows a simple circuit consisting of a voltage source, a resistor, and 

two reactances. Find the Thevenin equivalent voltage and impedance of this circuit 

at the terminals. Then derive the expressions for the magnitude of V7, and for Rry 

given in Equations (7-41b) and (7-44). 

Figure P7—1 shows a simple circuit consisting of a voltage source, two resistors, and 

two reactances in series with each other. If the resistor R, is allowed to vary but all 

the other components are constant, at what value of R, will the maximum possible 

power be supplied to it? Prove your answer. (Hint: Derive an expression for load 

power in terms of V, Rs, Xs, R,, and X, and take the partial derivative of that ex- 

pression with respect to R,.) Use this result to derive the expression for the pullout 

torque [Equation (7-54)]. 


Rs IXs iXz 


FIGURE P7-1 
Circuit for Problem 7-13. 


A 440-V, 50-Hz, two-pole, Y-connected induction motor is rated at 75 kW. The 
equivalent circuit parameters are 


R, = 0.075 O R, = 0.065 2 Xy=720 
X, = 0.170 X, = 0.170 
Prew = 1.0kW Prise = 150 W Pore = 1.1 KW 


For a slip of 0.04, find 
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7-15. 


7-16. 


7-17, 


7-18. 


7-19. 


7-20. 
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(a) The line current J; 

(b) The stator power factor 

(c) The rotor power factor 

(d) The stator copper losses Psc. 

(e) The air-gap power Pag 

(f) The power converted from electrical to mechanical form P,,,, 

(g) The induced torque Tq 

(hk) The load torque 7,,,, 

(i) The overall machine efficiency 7 

(j) The motor speed in revolutions per minute and radians per second 

For the motor in Problem 7-14, what is the pullout torque? What is the slip at the 
pullout torque? What is the rotor speed at the pullout torque? 

If the motor in Problem 7-14 is to be driven from a 440-V, 60-Hz power supply, 
what will the pullout torque be? What will the slip be at pullout? 

Plot the following quantities for the motor in Problem 7-14 as slip varies from 0 to 
10 percent: (4) Tiags (P) Prooays (C) Pow: (2) efficiency n. At what slip does P,,, equal 
the rated power of the machine? 

A 208-V, 60 Hz six-pole, Y-connected, 25-hp design class B induction motor is 
tested in the laboratory, with the following results: 


No load: 208 V, 22.0 A, 1200 W, 60 Hz 
Locked rotor: 24.6 V, 64.5 A, 2200 W, 15 Hz 
DC test: 13.5 V,64A 


Find the equivalent circuit of this motor, and plot its torque—-speed characteristic 
curve. 

A.460-V, four-pole, 50-hp, 60-Hz, Y-connected, three-phase induction motor devel- 
ops its full-load induced torque at 3.8 percent slip when operating at 60 Hz and 460 
V. The per-phase circuit model impedances of the motor are 


R, = 0.33.0 Xy = 302 
X, = 0.42.0 X, = 0420 


Mechanical, core, and stray losses may be neglected in this problem. 

(a) Find the value of the rotor resistance R). 

(Bb) Find Trays Smax and the rotor speed at maximum torque for this motor. 

(c) Find the starting torque of this motor. 

(d) What code letter factor should be assigned to this motor? 

Answer the following questions about the motor in Problem 7-19. 

(a) If this motor is started from a 460-V infinite bus, how much current will flow in 
the motor at starting? 

(b) If transmission line with an impedance of 0.35 + 0.25 QO per phase is used to 
connect the induction motor to the infinite bus, what will the starting current of 
the motor be? What will the motor’s terminal voltage be on starting? 

(c) If an ideal 1.4:1 step-down autotransformer is connected between the transmis- 
sion line and the motor, what will the current be in the transmission line during 
starting? What will the voltage be at the motor end of the transmission line dur- 
ing starting? 


7-21. 


7-22. 


7-23. 


7-24. 


7-25. 
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In this chapter, we learned that a step-down autotransformer could be used to reduce 

the starting current drawn by an induction motor. While this technique works, an au- 

totransformer is relatively expensive. A much less expensive way to reduce the start- 
ing current is to use a device called Y—A starter. If an induction motor is normally 

A-connected, it is possible to reduce its phase voltage V, (and hence its starting cur- 

rent) by simply reconnecting the stator windings in Y during starting, and then 

restoring the connections to A when the motor comes up to speed. Answer the fol- 
lowing questions about this type of starter. 

(a) How would the phase voltage at starting compare with the phase voltage under 
normal running conditions? 

(b) How would the starting current of the Y-connected motor compare to the start- 
ing current if the motor remained in a A-connection during starting? 

A 460-V, 100-hp, four-pole, A-connected, 60-Hz, three-phase induction motor has a 

full-load slip of 5 percent, an efficiency of 92 percent, and a power factor of 0.87 

lagging. At start-up, the motor develops 1.9 times the full-load torque but draws 7.5 

times the rated current at the rated voltage. This motor is to be started with an auto- 

transformer reduced-voltage starter. 

(a) What should the output voltage of the starter circuit be to reduce the starting 
torque until it equals the rated torque of the motor? 

(b) What will the motor starting current and the current drawn from the supply be 
at this voltage? 

A wound-rotor induction motor is operating at rated voltage and frequency with its 

slip rings shorted and with a load of about 25 percent of the rated value for the ma- 

chine. If the rotor resistance of this machine is doubled by inserting external resis- 
tors into the rotor circuit, explain what happens to the following: 

(a) Slips 

(b) Motor speed a,, 

(c) The induced voltage in the rotor 

(a) The rotor current 

( é ) Tind 

(f) Pou 

(8) Pret 

(h) Overall efficiency 7 

Answer the following questions about a 460-V, A-connected, two-pole, 75-hp, 60-Hz, 

starting-code-letter-E induction motor: 

(a) What is the maximum current starting current that this machine’s controller 
must be designed to handle? 

(b) If the controller is designed to switch the stator windings from a A connection 
to a Y connection during starting, what is the maximum starting current that the 
controller must be designed to handle? 

(c) Ifa 1.25:1 step-down autotransformer starter is used during starting, what is the 
maximum starting current that will be drawn from the line? 

When it is necessary to stop an induction motor very rapidly, many induction motor 

controllers reverse the direction of rotation of the magnetic fields by switching any 

two stator leads. When the direction of rotation of the magnetic fields is reversed, 
the motor develops an induced torque opposite to the current direction of rotation, 
so it quickly stops and tries to start turning in the opposite direction. If power is re- 
moved from the stator circuit at the moment when the rotor speed goes through zero, 
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then the motor has been stopped very rapidly. This technique for rapidly stopping an 
induction motor is called plugging. The motor of Problem 7-19 is running at rated 
conditions and is to be stopped by plugging. 

(a) What is the slip s before plugging? 

(b) What is the frequency of the rotor before plugging? 

(c) What is the induced torque 7;,, before plugging? 

(ad) What is the slip s immediately after switching the stator leads? 

(e) What is the frequency of the rotor immediately after switching the stator leads? 
(f) What is the induced torque 7,,4 immediately after switching the stator leads? 
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CHAPTER 


8 


DC MACHINERY 
FUNDAMENTALS 


DC machines are generators that convert mechanical energy to de electric 
energy and motors that convert de electric energy to mechanical energy. 
Most de machines are like ac machines in that they have ac voltages and currents 
within them—dc machines have a de output only because a mechanism exists 
that converts the internal ac voltages to de voltages at their terminals. Since this 
mechanism is called a commutator, dc machinery is also known as commutating 
machinery. 

The fundamental principles involved in the operation of dc machines are 
very simple. Untortunately, they are usually somewhat obscured by the compli- 
cated construction of real machines. This chapter will first explain the principles 
of dc machine operation by using simple examples and then consider some of the 
complications that occur in real de machines. 


8.1 A SIMPLE ROTATING LOOP BETWEEN 
CURVED POLE FACES 


The linear machine studied in Section 1.8 served as an introduction to basic ma- 
chine behavior. Its response to loading and to changing magnetic fields closely re- 
sembles the behavior of the real dc generators and motors that we will study in 
Chapter 9. However, real generators and motors do not move in a straight line— 
they rotate. The next step toward understanding real dc machines is to study the 
simplest possible example of a rotating machine. 

The simplest possible rotating de machine is shown in Figure 8-1. It consists 
of a single loop of wire rotating about a fixed axis. The rotating part of this ma- 
chine is called the rotor, and the stationary part is called the stator The magnetic 
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(b} (c) 


(d) 


FIGURE 8-1 
A simple rotating loop between curved pole faces. (a) Perspective view; (b) view of field lines; 
(c) top view: (d) front view. 
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FIGURE 8-2 
Derivation of an equation for the voltages induced in the loop. 


field for the machine is supplied by the magnetic north and south poles shown on 
the stator in Figure 8-1. 

Notice that the loop of rotor wire lies in a slot carved in a ferromagnetic 
core. The iron rotor, together with the curved shape of the pole faces, provides a 
constant-width air gap between the rotor and stator. Remember from Chapter 1 that 
the reluctance of air is much much higher than the reluctance of the iron in the ma- 
chine. To minimize the reluctance of the flux path through the machine, the mag- 
netic flux must take the shortest possible path through the air between the pole face 
and the rotor surface. 

Since the magnetic flux must take the shortest path through the air, it is per- 
pendicular to the rotor surface everywhere under the pole faces. Also, since the air 
gap is of uniform width, the reluctance is the same everywhere under the pole 
faces. The uniform reluctance means that the magnetic flux density is constant 
everywhere under the pole faces. 


The Voltage Induced in a Rotating Loop 


If the rotor of this machine is rotated, a voltage will be induced in the wire loop. 
To determine the magnitude and shape of the voltage, examine Figure 8-2. The 
loop of wire shown is rectangular, with sides ab and cd perpendicular to the plane 
of the page and with sides be and da parallel to the plane of the page. The mag- 
netic field is constant and perpendicular to the surface of the rotor everywhere un- 
der the pole faces and rapidly falls to zero beyond the edges of the poles. 

To determine the total voltage e,,, on the loop, examine each segment of the 
loop separately and sum all the resulting voltages. The voltage on each segment is 
given by Equation (1-45): 


€ing = (VX B)ol (1-45) 
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1. Segment ab. In this segment, the velocity of the wire is tangential to the path 
of rotation. The magnetic field B points out perpendicular to the rotor surface 
everywhere under the pole face and is zero beyond the edges of the pole face. 
Under the pole face, velocity v is perpendicular to B, and the quantity v x B 
points into the page. Therefore, the induced voltage on the segment is 


Cn, = (VX B)el 
vBI positive into page — under the pole face 


0 beyond the pole edges (8-1) 


2. Segment bc. In this segment, the quantity v x B is either into or out of the 
page, while length I is in the plane of the page, so v x B is perpendicular to I. 
Therefore the voltage in segment Be will be zero: 


Cn» = 0 (8-2) 


3. Segment cd. In this segment, the velocity of the wire is tangential to the path 
of rotation. The magnetic field B points in perpendicular to the rotor surface 
everywhere under the pole face and is zero beyond the edges of the pole face. 
Under the pole face, velocity v is perpendicular to B, and the quantity v x B 
points out of the page. Therefore, the induced voltage on the segment is 


éy. = (VX B)el 


vB positive out of page under the pole face 
0 beyond the pole edges = (8-3) 


4, Segment da. Just as in segment bc, v X B is perpendicular to I. Therefore the 
voltage in this segment will be zero too: 


Cu = O (8-4) 
The total induced voltage on the loop eéjag is given by 


Cind = ba + lcm + Cac + Cad 
ra a under the pole faces 8-5 
“ind ~ | 0 beyond the pole edges (o) 


When the loop rotates through 180°, segment @b is under the north pole face in- 
stead of the south pole face. At that time, the direction of the voltage on the seg- 
ment reverses, but its magnitude remains constant. The resulting voltage e,,, is 
shown as a function of time in Figure 8-3. 

There is an alternative way to express Equation (8-5), which clearly relates 
the behavior of the single loop to the behavior of larger, real dc machines. To de- 
rive this allernative expression, examine Figure 8—4. Notice that the tangential ve- 
locity v of the edges of the loop can be ex pressed as 


v= fo 


DC MACHINERY FUNDAMENTALS 477 


Ctot 


FIGURE 8-3 
The output voltage of the loop. 


Pole surface area 


is A= rl 


Rotor surface area 
A=2z7rl 


FIGURE 8-4 
Derivation of an alternative form of the induced voltage equation. 
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where ris the radius from axis of rotation out to the edge of the loop and @ is the 
angular velocity of the loop. Substituting this expression into Equation (8-5) gives 


2 eee under the pole faces 
“ind ~ 0 beyond the pole edges 
ee under the pole faces 
%int ~ | beyond the pole edges 
Notice also from Figure 8-4 that the rotor surface is a cylinder, so the area of 
the rotor surface A is just equal to 2arri. Since there are two poles, the area of the 


rotor under each pole (ignoring the small gaps between poles) is Ap = ari. 
Therefore, 


se ca 2 A,Bo under the pole faces 
. 0 beyond the pole edges 


Since the flux density B is constant everywhere in the air gap under the pole faces, 
the total flux under each pole is just the area of the pole times its flux density: 


& = ApB 


Therefore, the final form of the voltage equation is 


Z * 
‘ar @w under the pole faces 


é:.., = 
_ 0 beyond the pole edges (3-6) 


Thus, the voltage generated in the machine is equal to the product of the 
fiux inside the machine and the speed of rotation of the machine, multiplied by a 
constant representing the mechanical construction of the machine. In general, the 
voltage in any real machine will depend on the same three factors: 


1. The flux in the machine 
2. The speed of rotation 
3. A constant representing the construction of the machine 


Getting DC Voltage out of the Rotating Loop 


Figure 8—3 is a plot of the voltage e,,, generated by the rotating loop. As shown, 
the voltage out of the loop is alternately a constant positive value and a constant 
negative value. How can this machine be made to produce a dc voltage instead of 
the ac voltage it now has? 

One way to do this is shown in Figure 8—5Sa. Here two semicircular conduct- 
ing segments are added to the end of the loop, and two fixed contacts are set up at 
an angle such that at the instant when the voltage in the loop is zero, the contacts 
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Commutator 


(a) 


Cont 


(b) 


FIGURE 8-5 


Producing a de output from the machine with a commutator and brushes. (a) Perspective view: 


(b) the resulting output voltage. 
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short-circuit the two segments. In this fashion, every time the voltage of the loop 
switches direction, the contacts also switch connections, and the output of the con- 
tacts is always built up in the same way (Figure 8—5b). This connection-switching 
process is known as commutation. The rotating semicircular segments are called 


commutator segments, and the fixed contacts are called brushes. 
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FIGURE 8-6 
Derivation of an equation for the induced torque in the loop. Note that the iron core is not shown in 
part b for clarity. 


The Induced Torque in the Rotating Loop 


Suppose a battery is now connected to the machine in Figure 8-5. The resulting 
configuration is shown in Figure 8-6. How much torque will be produced in the 
loop when the switch is closed and a current is allowed to flow into it? To deter- 
mine the torque, look at the close-up of the loop shown in Figure 8-6b. 

The approach to take in determining the torque on the loop is to look at one 
segment of the loop at a time and then sum the effects of all the individual seg- 
ments. The force on a segment of the loop is given by Equation (1-43): 
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F = «(ix B) (1-43) 
and the torque on the segment is given by 
= rFsin@ (1-6) 


where @ is the angle between r and F. The torque is essentially zero whenever the 
loop is beyond the pole edges. 
While the loop is under the pole faces, the torque is 


1. Segment ab. In segment ab, the current from the battery is directed out of the 
page. The magnetic field under the pole face is pointing radially out of the ro- 
tor, so the force on the wire is given by 

F, = ix B) 
= iB tangent to direction of motion (8-7) 


The torque on the rotor caused by this force is 
T» = rF sin @ 
r(ilB) sin 90° 
= rilB CCW (8-8) 


2. Segment bc. In segment bc, the current from the battery is flowing from the 
upper left to the lower right in the picture. The force induced on the wire is 


given by 
F,. = il x B) 
= 0 since I is parallel to B (8-9) 
Therefore, 
To = 9 (8-10) 


3. Segment cd. In segment cd, the current from the battery is directed into the 
page. The magnetic field under the pole face is pointing radially into the ro- 
tor, so the force on the wire is given by 


F., = il x B) 
= ilB tangent to direction of motion (8-11) 
The torque on the rotor caused by this force is 
Tq = rF sin @ 
rGiB) sin 90° 
= rilB CCW (8-12) 


4. Segment da. In segment da, the current from the battery is flowing from the 
upper left to the lower right in the picture. The force induced on the wire is 
given by 
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F,, = i x B) 
= 0 since I is parallel to B (8-13) 
Therefore, 
Tj, = 0 (8-14) 


The resulting total induced torque on the loop is given by 


Tind = Tap + Tre F Toa F Tae 


(8-15) 


= es under the pole faces 
Tind — 


0 beyond the pole edges 


By using the facts that Ap > ari and @ = ApB, the torque expression can be re- 
duced to 


2 gi under the pole faces 
(8-16) 


beyond the pole edges 


Thus, the torque produced in the machine is the product of the flux in the 
machine and the current in the machine, times some quantity representing the me- 
chanical construction of the machine (the percentage of the rotor covered by pole 
faces). In general, the torque in any real machine will depend on the same three 
factors: 


1. The flux in the machine 
2. The current in the machine 
3. A constant representing the construction of the machine 


Example 8-1. Figure 8-6 shows a simple rotating loop between curved pole faces 
connected to a battery and a resistor through a switch. The resistor shown models the total 
resistance of the battery and the wire in the machine. The physical dimensions and charac- 
teristics of this machine are 


r=05m i= 1.0m 
R=030 B = 0.25T 
Ve = 120V 


(a) What happens when the switch is closed? 

(b) What is the machine’s maximum starting current? What is its steady-state angu- 
lar velocity at no load? 

(c) Suppose a load is attached to the loop, and the resulting load torque is 10 N * m. 
What would the new steady-state speed be? How much power is supplied to the 
shaft of the machine? How much power is being supplied by the battery? Is this 
machine a motor or a generator? 
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(da) Suppose the machine is again unloaded, and a torque of 7.5 N © m is applied to 
the shaft in the direction of rotation. What is the new steady-state speed? Is this 
machine now a motor or a generator? 

(e) Suppose the machine is running unloaded. What would the final steady-state 
speed of the rotor be if the flux density were reduced to 0.20 T? 


Solution 
(a) When the switch in Figure 8-6 is closed, a current will flow in the loop. Since 
the loop is initially stationary, ¢;,g = 0. Therefore, the current will be given by 
Vp — €ina _ Vp 
R  R 


This current flows through the rotor loop, producing a torque 


t= 


Tina == i CCW 


This induced torque produces an angular acceleration in a counterclockwise di- 
rection, so the rotor of the machine begins to turn. But as the rotor begins to 
turn, an induced voltage is produced in the motor, given by 


2 
find = 7 GO 
so the current é falls. As the current falls, 7,5 = (2/mr)@i 1 decreases, and the ma- 
chine winds up in steady state with 7,,, = 0, and the battery voltage Vg = e,,4- 


This is the same sort of starting behavior seen earlier in the linear dc machine. 
(b) At starting conditions, the machine’s current is 


At no-load steady-state conditions, the induced torque 7,,, must be zero. But 
Ting = O implies that current ¢ must equal zero, since 7;,, = (2/m)i, and the flux 
is nonzero. The fact that i = 0 A means that the battery voltage Vz = e;,,4. There- 
fore, the speed of the rotor is 


2 
Vz = Cind — ee 


Vp Ye 


©” Qa 2riB 


_ 120 V a 
= 300.5 m\(1.0 mx0.25 1) ~ 480 rad/s 


(c) If a load torque of 10 N « mis applied to the shaft of the machine, it will begin 
to slow down. But as w decreases, @ing = (2/ar)b wl decreases and the rotor cur- 
rent increases [f = (Va — @ing LVR]. As the rotor current increases, | Tipq| in- 
creases too, until | Foal = | Toaal at a lower speed w. 

At steady state, | Toaql = | Tiaal = (2/s7)b1. Therefore, 


Tind Tind 


~ Qia)p  2riB 


i 


7 10Nem = 
= 0.5 m)(1.0 mX0.25T) ~ 404 
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By Kirchhoff’s voltage law, e,.4 = Vg — iR, so 
€,q = 120 V — (40 A)(0.3 O) = 108 V 
Finally, the speed of the shaft is 


_ ein ina 
©” im 2rlB 
108 V 


= (0.5 m\(1.0 m(0.25 7) ~ 432 tad/s 


The power supplied to the shaft is 
P= Tw 
= (10N ¢ m)(432 rad/s) = 4320 W 
The power out of the battery is 
P = Vai = (120 V)(40 A) = 4800 W 


This machine is operating as a motor, converting electric power to mechanical 
power. 

(ad) If a torque is applied in the direction of motion, the rotor accelerates. As the 
speed increases, the internal voltage e;,, increases and exceeds Vp, so the current 
flows out of the top of the bar and into the battery. This machine is now a gen- 
erator. This current causes an induced torque opposite to the direction of mo- 
tion. The induced torque opposes the external applied torque, and eventually 


I Toad! = [Tina] at a higher speed w. 
The current in the rotor will be 


ee 
(ar) 2rlB 
7.5Nem 30 A 


~ (2)(0.5 m)C1.0 m)\(0.25 T) ~ 
The induced voltage ¢;,, is 
Cina = Ve tik 
120V + (30A)(0.3 QD) 
= 129V 
Finally, the speed of the shaft is 
©ind ©ind 


~ Q/md  2rlB 


= 129 V 
(20.5 m)(1.0 m\(0.25 T) 


w@ 


= 5lérad/s 


(¢) Since the machine is initially unloaded at the original conditions, the speed w = 
480 rad/s. If the flux decreases, there is a transient. However, after the transient 
is over, the machine must again have zero torque, since there is still no load on 
its shaft. If t,q = 0, then the current in the rotor must be zero, and Vz = éigg. The 
shaft speed is thus 
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120 V 


= (0.5 my(1.0 m(020T) ~ 0 2d/s 


Notice that when the flux in the machine ts decreased, its speed increases. This 
is the same behavior seen in the linear machine and the same way that real de 
motors behave. 


8.2 COMMUTATION IN A SIMPLE 
FOUR-LOOP DC MACHINE 


Commutation is the process of converting the ac voltages and currents in the rotor 
of adc machine to de voltages and currents at its terminals. It is the most critical 
part of the design and operation of any dc machine. A more detailed study is nec- 
essary to determine just how this conversion occurs and to discover the problems 
associated with it. In this section, the technique of commutation will be explained 
for a machine more complex than the single rotating loop in Section 8.1 but less 
complex than a real dc machine. Section 8.3 will continue this development and 
explain commutation in real dc machines. 

A simple four-loop, two-pole de machine is shown in Figure 8-7. This ma- 
chine has four complete loops buried in slots carved in the laminated steel of its 
rotor. The pole faces of the machine are curved to provide a uniform air-gap width 
and to give a uniform flux density everywhere under the faces. 

The four loops of this machine are laid into the slots in a special manner. 
The “unprimed” end of each loop is the outermost wire in each slot, while the 
“primed” end of each loop is the innermost wire in the slot directly opposite. The 
winding’s connections to the machine’s commutator are shown in Figure 8—7b. 
Notice that loop | stretches between commutator segments @ and b, loop 2 
stretches between segments 5 and ¢c, and so forth around the rotor. 


(a) 


FIGURE 8-7 
(a) A four-loop two-pole dc machine shown at time wf = 0°. (continues) 
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FIGURE 8-7 (concluded) 
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(b) 


(c) 


(b) The voltages on the rotor conductors at this time. (c) A winding diagram of this machine showing 
the interconnections of the rotor loops. 


At the instant shown in Figure 8-7, the 1, 2, 3’, and 4’ ends of the loops are 


under the north pole face, while the 1’, 2’, 


3, and 4 ends of the loops are under the 


south pole face. The voltage in each of the 1, 2, 3’, and 4’ ends of the loops is 


given by 


Cing = (VX Bel 
Cing = VBI positive out of page 


’ 


(1-45) 
(8-17) 


The voltage in each of the 1’, 2’, 3, and 4 ends of the ends of the loops is given by 


Cina = (Vv x B) «| 
vBi positive into the page 


(1-45) 
(8-18) 
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FIGURE 8-8 
+e - +e-4 The same machine at time et = 
45°, showing the voltages on the 
(b) conductors. 


The overall result is shown in Figure 8—7b. In Figure 8—7b, each coil represents 
one side (or conductor) of a loop. If the induced voltage on any one side of a loop 
is called e = vBi, then the total voltage at the brushes of the machine is 


19) 


Notice that there are two parallel paths for current through the machine. The ex- 
istence of two or more parallel paths for rotor current is a common feature of all 
commutation schemes. 

What happens to the voltage E of the terminals as the rotor continues to 
rotate? To find out, examine Figure 8-8. This figure shows the machine at time 
wt = 45°. At that time, loops | and 3 have rotated into the gap between the poles, 
so the voltage across each of them 1s zero. Notice that at this instant the brushes 
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FIGURE 8-9 
The same machine at time wt = 90°, showing the voltages on the conductors. 


of the machine are shorting out commutator segments ab and cd. This happens 
just at the time when the loops between these segments have 0 V across them, so 
shorting out the segments creates no problem. At this time, only loops 2 and 4 are 
under the pole faces, so the terminal voltage EF is given by 


E=2e ot =0° (8-20) 


Now let the rotor continue to turn through another 45°. The resulting situa- 
tion is shown in Figure 8-9. Here, the 1’. 2, 3, and 4’ ends of the loops are under 
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FIGURE 8-10 
The resulting output voltage of the machine in Figure 8-7. 


the north pole face, and the 1, 2’, 3’, and 4 ends of the loops are under the south 
pole face. The voltages are still built up out of the page for the ends under the 
north pole face and into the page for the ends under the south pole face. The re- 
sulting voltage diagram is shown in Figure 8—18b. There are now four voltage- 
carrying ends in each parallel path through the machine, so the terminal voltage E 


is given by 
E=4e wt = 90° (8-21) 


Compare Figure 8—7 to Figure 8—9. Notice that the voltages on loops I and 
3 have reversed between the two pictures, but since their connections have also 
reversed, the total voltage is still being built up in the same direction as before. 
This fact is at the heart of every commutation scheme. Whenever the voltage re- 
verses in a loop, the connections of the loop are also switched, and the total volt- 
age 1s still built up in the original direction. 

The terminal voltage of this machine as a function of time is shown in Fig- 
ure 8-10. It is a better approximation to a constant dc level than the single rotat- 
ing loop in Section 8.1 produced. As the number of loops on the rotor increases, 
the approximation to a perfect dc voltage continues to get better and better. 

In summary. 


Commutation is the process of switching the loop connections on the rotor of a dc 
machine just as the voltage in the loop switches polarity, in order to maintain an es- 
sentially constant dc output voltage. 


As in the case of the simple rotating loop, the rotating segments to which the 
loops are attached are called commutator segments, and the stationary pieces that 
ride on top of the moving segments are called brushes. The commutator segments 
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in real machines are typically made of copper bars. The brushes are made of a mix- 
ture containing graphite, so that they cause very little friction as they rub over the 
rotating commutator segments. 


8.3 COMMUTATION AND ARMATURE 
CONSTRUCTION IN REAL DC MACHINES 


In real dc machines, there are several ways in which the loops on the rotor (also 
called the armature) can be connected to its commutator segments. These differ- 
ent connections affect the number of parallel current paths within the rotor, the 
output voltage of the rotor, and the number and position of the brushes riding on 
the commutator segments. We will now examine the construction of the coils on 
a real de rotor and then look at how they are connected to the commutator to pro- 
duce adc voltage. 


The Rotor Coils 


Regardless of the way in which the windings are connected to the commutator 
segments, most of the rotor windings themselves consist of diamond-shaped 
preformed coils which are inserted into the armature slots as a unit (see Figure 
8-11). Each coil consists of a number of turns (loops) of wire, each turn taped and 
insulated from the other turns and from the rotor slot. Each side of a turn is called 
a conductor. The number of conductors on a machine’s armature is given by 


where Z = number of conductors on rotor 
C = number of coils on rotor 
Ne = number of turns per coil 


Normally, a coil spans 180 electrical degrees. This means that when one 
side is under the center of a given magnetic pole, the other side 1s under the cen- 
ter of a pole of opposite polarity. The physical poles may not be located 180 me- 
chanical degrees apart, but the magnetic field has completely reversed its polarity 
in traveling from under one pole to the next. The relationship between the electri- 
cal angle and mechanical angle in a given machine is given by 


me 
8. = 5 Om (8-23) 


where 6, = electrical angle, in degrees 
0, = mechanical angle, in degrees 
P = number of magnetic poles on the machine 


If a coil spans 180 electrical degrees, the voltages in the conductors on either side 
of the coil will be exactly the same in magnitude and opposite in direction at all 
times. Such a coil is called a full-pitch coil. 
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FIGURE 8-11 
(a) The shape of a typical preformed rotor coil. (b) A typical coil insulation system showing the 
insulation between turns within a coil. (Courtesy of General Electric Company.) 


Sometimes a coil is built that spans less than 180 electrical degrees. Such a 
coil is called a fractional-pitch coil, and a rotor winding wound with fractional- 
pitch coils is called a chorded winding. The amount of chording in a winding is 
described by a pitch factor p, which is defined by the equation 


__ electrical angle of coil 


Tre x 100% (8-24) 


Sometimes a smal] amount of chording will be used in dc rotor windings to im- 
prove commutation. 

Most rotor windings are two-layer windings. meaning that sides from two 
different coils are inserted into each slot. One side of each coil will be at the bot- 
tom of its slot, and the other side will be at the top of its slot. Such a construction 
requires the individual coils to be placed in the rotor slots by a very elaborate 
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FIGURE 8-12 


The installation of preformed rotor coils on a dc machine rotor. (Courtesy of Westinghouse Electric 
Company.) 


procedure (see Figure 8-12). One side of each of the coils is placed in the bottom 
of its slot, and then after all the bottom sides are in place, the other side of each 
coil is placed in the top of its slot. In this fashion, all the windings are woven to- 
gether, increasing the mechanical strength and uniformity of the final structure. 


Connections to the Commutator Segments 


Once the windings are installed in the rotor slots, they must be connected to the 
commutator segments. There are a number of ways in which these connections 
can be made, and the different winding arrangements which result have different 
advantages and disadvantages. 

The distance (in number of segments) between the commutator segments to 
which the two ends of a coil are connected is called the commutator pitch y,. If the 
end of a coil (or a set number of coils, for wave construction) is connected to a 
commutator segment ahead of the one its beginning is connected to, the winding 
is called a progressive winding. If the end of a coil is connected to a commutator 
segment behind the one its beginning is connected to, the winding is called a ret- 
rogressive winding. If everything else is identical, the direction of rotation of a 
progressive-wound rotor will be opposite to the direction of rotation of a 
retrogressive-wound rotor. 

Rotor (armature) windings are further classified according to the plex of 
their windings. A simplex rotor winding is a single, complete, closed winding 
wound on a rotor. A duplex rotor winding is a rotor with fwo complete and inde- 
pendent sets of rotor windings. If a rotor has a duplex winding, then each of the 
windings will be associated with every other commutator segment: One winding 
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FIGURE 8-13 
(a) A coil in a progressive rotor winding. (b) A coil in a retrogressive rotor winding. 


will be connected to segments 1, 3, 5, etc., and the other winding will be con- 
nected to segments 2, 4, 6, etc. Similarly, a triplex winding will have three com- 
plete and independent sets of windings, each winding connected to every third 
commutator segment on the rotor. Collectively, all armatures with more than one 
set of windings are said to have multiplex windings. 

Finally, armature windings are classified according to the sequence of their 
connections to the commutator segments. There are two basic sequences of arma- 
ture winding connections—iap windings and wave windings. In addition, there is 
a third type of winding, called @ frog-leg winding, which combines lap and wave 
windings on a single rotor. These windings will be examined individually below, 
and their advantages and disadvantages will be discussed. 


The Lap Winding 


The simplest type of winding construction used in modern dc machines is the sim- 
plex series or lap winding. A simplex lap winding is a rotor winding consisting of 
coils containing one or more turns of wire with the two ends of each coil coming 
out at adjacent commutator segments (Figure 8—13). If the end of the coil is con- 
nected to the segment after the segment that the beginning of the coil is connected 
to, the winding is a progressive lap winding and y, = 1; if the end of the coil is 
connected to the segment before the segment that the beginning of the coil is con- 
nected to, the winding is a retrogressive lap winding and y, = —1. A simple two- 
pole machine with lap windings is shown in Figure 8-14. 

An interesting feature of simplex lap windings is that there are as many par- 
allel current paths through the machine as there are poles on the machine. If C is 
the number of coils and commutator segments present in the rotor and P is the 
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FIGURE 8-14 
A simple two-pole lap-wound de machine. 


number of poles on the machine, then there will be C/P coils in each of the P par- 
allel current paths through the machine. The fact that there are P current paths also 
requires that there be as many brushes on the machine as there are poles in order 
to tap all the current paths. This idea is illustrated by the simple four-pole motor 
in Figure 8-15. Notice that, for this motor, there are four current paths through the 
rotor, each having an equal voltage. The fact that there are many current paths in 
a multipole machine makes the lap winding an ideal choice for fairly low-voltage, 
high-current machines, since the high currents required can be split among the 
several different current paths. This current splitting permits the size of individual 
rotor conductors to remain reasonable even when the total current becomes ex- 
tremely large. 

The fact that there are many parallel paths through a multipole lap-wound 
machine can lead to a serious problem, however. To understand the nature of this 
problem, examine the six-pole machine in Figure 8—16. Because of long usage, 
there has been slight wear on the bearings of this machine, and the lower wires are 
closer to their pole faces than the upper wires are. As a result, there is a /arger volt- 
age in the current paths involving wires under the lower pole faces than in the paths 
involving wires under the upper pole faces. Since all the paths are connected in par- 
allel, the result will be a circulating current flowing out some of the brushes in the 
machine and back into others, as shown in Figure 8-17. Needless to say, this is not 
good for the machine. Since the winding resistance of a rotor circuit is so small, a 
very tiny imbalance among the voltages in the parallel paths will cause large cir- 
culating currents through the brushes and potentially serious healing problems. 

The problem of circulating currents within the parallel paths of a machine 
with four or more poles can never be entirely resolved, but it can be reduced 
somewhat by equalizers or equalizing windings. Equalizers are bars located on the 
rotor of a lap-wound dc machine that short together points at the same voltage 
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( 


(a) A four-pole lap-wound de motor. (b) The rotor winding diagram of this machine. Notice that each 
winding ends on the commutator segment just after the one it begins at. This is a progressive lap 


FIGURE 8-15 
winding. 


496 ELECTRIC MACHINERY FUNDAMENTALS 


FIGURE 8-16 
A six-pole de motor showing the effects of bearing wear. Notice that the rotor is slightly closer to the 
lower poles than it is to the upper poles. 


level in the different parallel paths. The effect of this shorting is to cause any cir- 
culating currents that occur to flow inside the small sections of windings thus 
shorted together and to prevent this circulating current from flowing through the 
brushes of the machine. These circulating currents even partially correct the flux 
imbalance that caused them to exist in the first place. An equalizer for the four- 
pole machine in Figure 8—15 is shown in Figure 8—18, and an equalizer for a large 
lap-wound de machine is shown in Figure 8-19. 

If a lap winding is duplex, then there are two completely independent wind- 
ings wrapped on the rotor, and every other commutator segment is tied to one of 
the sets. Therefore, an individual coil ends on the second commutator segment 
down from where it started, and y, = +2 (depending on whether the winding is 
progressive or retrogressive). Since each set of windings has as many current 
paths as the machine has poles, there are twice as many current paths as the ma- 
chine has poles in a duplex lap winding. 

In general, for an m-plex lap winding, the commutator pitch y, is 


y= =m lap winding (8-25) 


and the number of current paths in a machine is 


lap winding (8-26) 
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Circulating Current 


e* slightly greater voltage 


é slightly lower voltage 


FIGURE 8-17 
The voltages on the rotor conductors of the machine in Figure 8-16 are unequal, producing 
circulating currents flowing through its brushes. 


where a@ = number of current paths in the rotor 


m = plex of the windings (1, 2, 3, etc.) 
P = number of poles on the machine 
The Wave Winding 


The series or wave winding is an alternative way to connect the rotor coils to the 
commutator segments. Figure 8-20 shows a simple four-pole machine with a 
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(a) An equalizer connection for the four-pole machine in Figure 8-15. (b) A voltage diagram for the 


machine shows the points shorted by the equalizers. 


FIGURE 8-18 
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FIGURE 8-19 

Acloseup of the commutator of a 
large lap-wound de machine. The 
equalizers are mounted in the 
small ring just in front of the 
commutator segments. (Courtesy 
of General Electric Company.) 


FIGURE 8-20 
A simple four-pole wave-wound dc machine. 
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simplex wave winding. In this simplex wave winding, every other rotor coil con- 
nects back to a commutator segment adjacent to the beginning of the first coil. 
Therefore, there are two coils in series between the adjacent commutator seg- 
ments. Furthermore, since each pair of coils between adjacent segments has a side 
under each pole face, all output voltages are the sum of the effects of every pole, 
and there can be no voltage imbalances. 

The lead from the second coil may be connected to the segment either ahead 
of or behind the segment at which the first coil begins. If the second coil is con- 
nected to the segment ahead of the first coil, the winding is progressive; if it is 
connected to the segment behind the first coil, it is retrogressive. 

In general, if there are P poles on the machine, then there are P/2 coils in se- 
ries between adjacent commutator segments. If the (P/2)th coil is connected to the 
segment ahead of the first coil, the winding is progressive. If the (P/2)th coil is 
connected to the segment behind the first coil, the winding is retrogressive. 

In a simplex wave winding, there are only two current paths. There are C/2 
or one-half of the windings in each current path. The brushes in such a machine 
will be located a full pole pitch apart from each other. 

What is the commutator pitch for a wave winding? Figure 8-20 shows a 
progressive nine-coil winding, and the end of a coil occurs five segments down 
from its starting point. In a retrogressive wave winding, the end of the coil occurs 
four segments down from its starting point. Therefore, the end of a coil in a four- 
pole wave winding must be connected just before or just after the point halfway 
around the circle from its starting point. 

The general expression for commutator pitch in any simplex wave winding is 


+ 
y= ce simplex wave (8-27) 


where C is the number of coils on the rotor and P is the number of poles on the 
machine. The plus sign is associated with progressive windings, and the minus 
Sign is associated with retrogressive windings. A simplex wave winding is shown 
in Figure 8-21. 

Since there are only two current paths through a simplex wave-wound rotor, 
only two brushes are needed to draw off the current. This is because the segments 
undergoing commutation connect the points with equal voltage under all the pole 
faces. More brushes can be added at points 180 electrical degrees apart if desired, 
since they are at the same potential and are connected together by the wires un- 
dergoing commutation in the machine. Extra brushes are usually added to a wave- 
wound machine, even though they are not necessary. because they reduce the 
amount of current that must be drawn through a given brush set. 

Wave windings are well suited to building higher-voltage dc machines, 
since the number of coils in series between commutator segments permits a high 
voltage to be built up more easily than with lap windings. 

A multiplex wave winding is a winding with multiple independent sets of 
wave windings on the rotor. These extra sets of windings have two current paths 
each, so the number of current paths on a multiplex wave winding is 
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FIGURE 8-21 
The rotor winding diagram for the machine in Figure 3-20. Notice that the end of every second coil in 
series connects to the segment after the beginning of the first coil. This is a progressive wave winding. 


a=2m multiplex wave (8-28) 


The Frog-Leg Winding 


The frog-leg winding or self-equalizing winding gets its name from the shape of 
its coils, as shown in Figure 8-22. It consists of a lap winding and a wave wind- 
ing combined. 

The equalizers in an ordinary lap winding are connected at points of equal 
voltage on the windings. Wave windings reach between points of essentially equal 
voltage under successive pole faces of the same polarity, which are the same lo- 
cations that equalizers tie together. A frog-leg or self-equalizing winding com- 
bines a lap winding with a wave winding, so that the wave windings can function 
as equalizers for the lap winding. 

The number of current paths present in a frog-leg winding is 


frog-leg winding (8-29) 


where P is the number of poles on the machine and m,,, is the plex of the lap 
winding. 


Example 8-2. Describe the rotor winding arrangement of the four-loop machine 
in Section 8.2. 


Solution 
The machine described in Section 8.2 has four coils, each containing one turn, resulting in 
a total of eight conductors. It has a progressive lap winding. 
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FIGURE 8-22 
Wave windings A frog-leg or self-equalizing winding coil. 


8.4 PROBLEMS WITH COMMUTATION IN 
REAL MACHINES 


The commutation process as described in Sections 8.2 and 8.3 is not as simple in 
practice as it seems in theory, because two major effects occur in the real world to 
disturb it: 


1. Armature reaction 
2. L di/dt voltages 


This section explores the nature of these problems and the solutions employed to 
mitigate their effects. 


Armature Reaction 


If the magnetic field windings of a dc machine are connected to a power supply 
and the rotor of the machine is turned by an external source of mechanical power, 
then a voltage will be induced in the conductors of the rotor. This voltage will be 
rectified into a de output by the action of the machine’s commutator. 

Now connect a load to the terminals of the machine, and a current will flow 
in its armature windings. This current flow will produce a magnetic field of its 
own, which will distort the original magnetic field from the machine’s poles. This 
distortion of the flux in a machine as the load is increased is called armature re- 
action. It causes two serious problems in real dc machines. 

The first problem caused by armature reaction is neutral-plane shift. The 
magnetic neutral plane is defined as the plane within the machine where the 
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Magnetic neutral plane 


FIGURE 8-23 

The development of armature reaction in a dc generator. (a) Initially the pole flux is uniformly 
distributed. and the magnetic neutral plane is vertical; (b) the effect of the air gap on the pole flux 
distribution: (c) the armature magnetic field resulting when a load is connected to the machine; 
(d) both rotor and pole fluxes are shown, indicating points where they add and subtract; (e) the 
resulting flux under the poles. The neutral plane has shifted in the direction of motion. 


velocity of the rotor wires is exactly parallel to the magnetic flux lines, so that éjng 
in the conductors in the plane is exactly zero. 

To understand the problem of neutral-plane shift, examine Figure 8-23. Fig- 
ure 8—23a shows a two-pole dc machine. Notice that the flux is distributed uni- 
formly under the pole faces. The rotor windings shown have voltages built up out 
of the page for wires under the north pole face and into the page for wires under 
the south pole face. The neutral plane in this machine is exactly vertical. 

Now suppose a load is connected to this machine so that it acts as a genera- 
tor. Current will flow out of the positive terminal of the generator, so current will 
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be flowing out of the page for wires under the north pole face and into the page for 
wires under the south pole face. This current flow produces a magnetic field from 
the rotor windings, as shown in Figure 8—23c. This rotor magnetic field affects the 
original magnetic field from the poles that produced the generator’s voltage in the 
first place. In some places under the pole surfaces, it subtracts from the pole flux, 
and in other places it adds to the pole flux. The overall result is that the magnetic 
flux in the air gap of the machine is skewed as shown in Figure 8—23d and e. No- 
tice that the place on the rotor where the induced voltage in a conductor would be 
zero (the neutral plane) has shifted. 

For the generator shown in Figure 8-23, the magnetic neutral plane shifted 
in the direction of rotation. If this machine had been a motor, the current in its ro- 
tor would be reversed and the flux would bunch up in the opposite corners from 
the bunches shown in the figure. As a result, the magnetic neutral plane would 
shift the other way. 

In general, the neutral-plane shifts in the direction of motion for a generator 
and opposite to the direction of motion for a motor. Furthermore, the amount of the 
shift depends on the amount of rotor current and hence on the load of the machine. 

So what’s the big deal about neutral-plane shift? It’s just this: The commu- 
(ator must short out commutator segments just at the moment when the voltage 
across them is equal to zero. If the brushes are set to short out conductors in the 
vertical plane, then the voltage between segments is indeed zero until the machine 
is loaded. When the machine is loaded, the neutral plane shifts, and the brushes 
short oul commutator segments with a finite voltage across them. The result is a 
current flow circulating between the shorted segments and large sparks at the 
brushes when the current path is interrupted as the brush leaves a segment. The 
end result is arcing and sparking at the brushes. This is a very serious problem, 
since it leads to drastically reduced brush life, pitting of the commutator segments, 
and greatly increased maintenance costs. Notice that this problem cannot be fixed 
even by placing the brushes over the full-load neutral plane, because then they 
would spark at no load. 

In extreme cases, the neutral-plane shift can even lead to flashover in the 
commutator segments near the brushes. The air near the brushes in a machine is 
normally ionized as a result of the sparking on the brushes. Flashover occurs when 
the voltage of adjacent commutator segments gets large enough to sustain an arc 
in the ionized air above them. If flashover occurs, the resulting arc can even melt 
the commutator’s surface. 

The second major problem caused by armature reaction is called flux weak- 
ening. To understand flux weakening, refer to the magnetization curve shown in 
Figure 8-24. Most machines operate at flux densities near the saturation point. 
Therefore, at locations on the pole surfaces where the rotor magnetomotive force 
adds to the pole magnetomotive force, only a small increase in flux occurs. But at 
locations on the pole surfaces where the rotor magnetomotive force subtracts from 
the pole magnetomotive force, there is a larger decrease in flux. The net result is 
that the total average flux under the entire pole face is decreased (see Figure 8-25). 
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FIGURE 8-24 
A typical magnetization curve shows the effects of pole saturation where armature and pole 
magnetomotive forces add. 


Flux weakening causes problems in both generators and motors. In genera- 
tors, the effect of flux weakening is simply to reduce the voltage supplied by the 
generator for any given load. In motors, the effect can be more serious. As the early 
examples in this chapter showed, when the flux in a motor is decreased, its speed in- 
creases. But increasing the speed of a motor can increase its load, resulting in more 
flux weakening. It is possible for some shunt de motors to reach a runaway condi- 
tion as a result of flux weakening, where the speed of the motor just Keeps increas- 
ing until the machine is disconnected from the power line or until it destroys itself. 


L difdt Voltages 


The second major problem is the Z di/dt voltage that occurs in commutator seg- 
ments being shorted out by the brushes, sometimes called inductive kick. To un- 
derstand this problem, look at Figure 8—26. This figure represents a series of com- 
mutator segments and the conductors connected between them. Assuming that the 
current in the brush is 400 A, the current in each path is 200 A. Notice that when 
a commutator segment is shorted out, the current flow through that commutator 
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FIGURE 8-25 

The flux and magnetomotive force under the pole faces in a dc machine. At those points where the 
magnetomotive forces subtract, the flux closely follows the net magnetomotive force in the iron: but 
at those points where the magnetomotive forces add, saturation limits the total flux present. Note 
also that the neutral point of the rotor has shifted. 


segment must reverse. How fast must this reversal occur? Assuming that the ma- 
chine is turning at 800 r/min and that there are 50 commutator segments (a reason- 
able number for a typical motor), each commutator segment moves under a brush 
and clears it again in f = 0.0015 s. Therefore, the rate of change in current with re- 
spect to time in the shorted loop must average 


di 400 A 


ht 7 O.00IS = 200:087 As (8-30) 


DC MACHINERY FUNDAMENTALS 507 


200 A 200 A ? 200A 200A 


Direction of 
commutator motion 
—— 


200 A 200 A 200 A 200A 200 A 200 A 
(a) 
t=0.0015s 


—_—_—_——_s——, 


200 A 


| 
| 
| Spark at trailing 
| edge of brush 

I 

| 

| 

| 


Brush reaches Brush clears 
beginning of end of 
segment b segment a 


-—---- = Ideal commutation 


= Actual commutation with inductance taken into account 


(b) 


FIGURE 8-26 

(a) The reversal of current flow in a coil undergoing commutation. Note that the current in the coil 
between segments a and b must reverse direction while the brush shorts together the two commutator 
segments. (b) The current reversal in the coil undergoing commutation as a function of time for both 
ideal commutation and real commutation, with the coil inductance taken into account. 


With even a tiny inductance in the loop, a very significant inductive voltage kick 
v = L di/dt will be induced in the shorted commutator segment. This high voltage 
naturally causes sparking at the brushes of the machine, resulting in the same arc- 
ing problems that the neutral-plane shift causes. 
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Solutions to the Problems with Commutation 


Three approaches have been developed to partially or completely correct the prob- 
lems of armature reaction and LZ di/dt voltages: 


1. Brush shifting 
2. Commutating poles or interpoles 
3. Compensating windings 


Each of these techniques is explained below, together with its advantages and dis- 
advantages. 


BRUSH SHIFTING. Historically, the first attempts to improve the process of 
commutation in real dc machines started with attempts to stop the sparking at the 
brushes caused by the neutral-plane shifts and Z di/dt effects. The first approach 
taken by machine designers was simple: If the neutral plane of the machine shifts, 
why not shift the brushes with it in order to stop the sparking? It certainly seemed 
like a good idea, but there are several serious problems associated with it. For one 
thing, the neutral plane moves with every change in load, and the shift direction 
reverses when the machine goes from motor operation to generator operation. 
Therefore, someone had to adjust the brushes every time the load on the machine 
changed. In addition, shifting the brushes may have stopped the brush sparking, 
but it actually aggravated the tlux-weakening effect of the armature reaction in 
the machine. This is true because of two effects: 


1. The rotor magnetomotive force now has a vector component that opposes the 
magnetomotive force from the poles (see Figure 8-27). 


2. The change in armature current distribution causes the flux to bunch up even 
more at the saturated parts of the pole faces. 


Another slightly different approach sometimes taken was to fix the brushes 
in a compromise position (say, one that caused no sparking at two-thirds of full 
load). In this case, the motor sparked at no load and somewhat at full load, but if 
it spent most of its life operating at about two-thirds of full load, then sparking 
was minimized. Of course, such a machine could not be used as a generator al 
all—the sparking would have been horrible. 

By about 1910, the brush-shifting approach to controlling sparking was al- 
ready obsolete. Today, brush shifting is only used in very small machines that al- 
ways run as motors. This is done because better solutions to the problem are sim- 
ply not economical in such small motors. 


COMMUTATING POLES OR INTERPOLES. Because of the disadvantages noted 
above and especially because of the requirement that a person must adjust the 
brush positions of machines as their loads change, another solution to the problem 
of brush sparking was developed. The basic idea behind this new approach is that 
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FIGURE 8-27 

(a) The net magnetomotive force in a dc machine with its brushes in the vertical plane. (b) The net 
magnetomotive force in adc machine with its brushes over the shifted neutral plane. Notice that now 
there is a component of armature magnetomotive force directly opposing the poles’ magnetomotive 
force, and the net magnetomotive force in the machine is reduced. 


if the voltage in the wires undergoing commutation can be made zero, then there 
will be no sparking at the brushes. To accomplish this, small poles, called com- 
mutating poles or interpoles, are placed midway between the main poles. These 
commutating poles are located directly over the conductors being commutated. By 
providing a flux from the commutating poles, the voltage in the coils undergoing 
commutation can be exactly canceled. If the cancellation is exact, then there will 
be no sparking at the brushes. 

The commutating poles do not otherwise change the operation of the ma- 
chine, because they are so small that they affect only the few conductors about to 
undergo commutation. Notice that the armature reaction under the main pole faces 
is unaffected, since the effects of the commutating poles do not extend that far. This 
means that the flux weakening in the machine is unaffected by commutating poles. 

How is cancellation of the voltage in the commutator segments accom- 
plished for all values of loads? This is done by simply connecting the interpole 
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windings in series with the windings on the rotor, as shown in Figure 8-28. As the 
load increases and the rotor current increases, the magnitude of the neutral-plane 
shift and the size of the LZ di/dt effects increase too. Both these effects increase the 
voltage in the conductors undergoing commutation. However, the interpole flux 
increases too, producing a larger voltage in the conductors that opposes the volt- 
age due to the neutral-plane shift. The net result is that their effects cancel over a 
broad range of loads. Note that interpoles work for both motor and generator op- 
eration, since when the machine changes from motor to generator, the current both 
in its rotor and in its interpoles reverses direction. Therefore, the voltage effects 
from them still cancel. 

What polarity must the flux in the interpoles be? The interpoles must induce 
a voltage in the conductors undergoing commutation that is opposite to the voltage 
caused by neutral-plane shift and Z di/dt effects. In the case of a generator, the neu- 
tral plane shifts in the direction of rotation, meaning that the conductors undergoing 
commutation have the same polarity of voltage as the pole they just left (see Figure 
8-29). To oppose this voltage, the interpoles must have the opposite flux, which is 
the flux of the upcoming pole. In a motor, however, the neutral plane shifts opposite 
to the direction of rotation, and the conductors undergoing commutation have the 
same flux as the pole they are approaching. In order to oppose this voltage, the in- 
terpoles must have the same polarity as the previous main pole. Therefore, 


1. The interpoles must be of the same polarity as the next upcoming main pole 
in a generator. 


FIGURE 8-28 
A dc machine with interpoles. 
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2. The interpoles must be of the same polarity as the previous main pole in a 
motor. 


The use of commutating poles or interpoles is very common, because they 
correct the sparking problems of dc machines at a fairly low cost. They are almost 
always found in any dc machine of | hp or larger. It is important to realize, 
though, that they do nothing for the flux distribution under the pole faces, so the 
flux-weakening problem is still present. Most medium-size, general-purpose mo- 
tors correct for sparking problems with interpoles and just live with the flux- 
weakening effects. 


Voltage ‘ cur 


\ to neutral 
due to \ : 
interpole \, plane shift and 
\ L di 
dt 
(b) 


FIGURE 8-29 
Determining the required polarity of an interpole. The flux from the interpole must produce a voltage 
that opposes the existing voltage in the conductor. 
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FIGURE 8-30 

The effect of compensating windings in a dc machine. (a) The pole flux in the machine, (b) the 
fluxes from the armature and compensating windings. Notice that they are equal and opposite; 
(c) the net flux in the machine, which is just the original pole flux. 


COMPENSATING WINDINGS. For very heavy, severe duty cycle motors, the 
flux-weakening problem can be very serious. To completely cancel armature re- 
action and thus eliminate both neutral-plane shift and flux weakening, a different 
technique was developed. This third technique involves placing compensating 
windings in slots carved in the faces of the poles parallel to the rotor conductors, 
to cancel the distorting effect of armature reaction. These windings are connected 
in series with the rotor windings, so that whenever the load changes in the rotor, 
the current in the compensating windings changes, too. Figure 8—30 shows the ba- 
sic concept. In Figure 8—30a, the pole flux is shown by itself. In Figure 8—30b, the 
rotor flux and the compensating winding flux are shown. Figure 8—30c represents 
the sum of these three fluxes, which is just equal to the original pole flux by itself. 

Figure 8-31 shows a more careful development of the effect of compensat- 
ing windings on a dc machine. Notice that the magnetomotive force due to the 


Rotor (armature) flux —— - Flux from compensating windings 
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FIGURE 8-31 
The flux and magnetomotive forces in a dc machine with compensating windings. 


compensating windings is equal and opposite to the magnetomotive force due to 
the rotor at every point under the pole faces. The resulting net magnetomotive 
force is just the magnetomotive force due to the poles, so the flux in the machine 
is unchanged regardless of the load on the machine. The stator of a large de ma- 
chine with compensating windings is shown in Figure 8-32. 

The major disadvantage of compensating windings is that they are expen- 
sive, since they must be machined into the faces of the poles. Any motor that uses 
them must also have interpoles, since compensating windings do not cancel 
L di/adt effects. The interpoles do not have to be as strong, though, since they are 
canceling only Z di/dt voltages in the windings, and not the voltages due to 
neutral-plane shifting. Because of the ex pense of having both compensating wind- 
ings and interpoles on such a machine, these windings are used only where the ex- 
tremely severe nature of a motor’s duty demands them. 


514 ELECTRIC MACHINERY FUNDAMENTALS 


FIGURE 8-32 
The stator of a six-pole dc machine with interpoles and compensating windings. (Courtesy of 
Westinghouse Electric Company.) 


8.5. THE INTERNAL GENERATED VOLTAGE 
AND INDUCED TORQUE EQUATIONS OF 
REAL DC MACHINES 


How much voltage is produced by a real dc machine? The induced voltage in any 
given machine depends on three factors: 


1. The flux ¢ in the machine 
2. The speed w of the machine’s rotor 
3. Aconstant depending on the construction of the machine 


How can the voltage in the rotor windings of a real machine be determined? The 
voltage out of the armature of a real machine is equal to the number of conductors 
per current path times the voltage on each conductor. The voltage in any single 
conductor under the pole faces was previously shown to be 


€ingd = @ = VBI (8-31) 
The voltage out of the armature of a real machine is thus 


_ ZvBl 


Ex - 


(8-32) 
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where Z is the total number of conductors and a is the number of current paths. 
The velocity of each conductor in the rotor can be expressed as v = rw, where r is 
the radius of the rotor, so 


_ ZrwBl 


Ey ji 


(8-33) 
This voltage can be reexpressed in a more convenient form by noting that 
the flux of a pole is equal to the flux density under the pole times the pole’s area: 
@ = BAp 
The rotor of the machine is shaped like a cylinder, so its area is 
A = 2nrl (8-34) 


If there are P poles on the machine, then the portion of the area associated with 
each pole is the total area A divided by the number of poles P: 


_A _ 2a#l 
Ae nH p (8-35) 
The total flux per pole in the machine is thus 
= BAp = BQrrl) _ 2mrlB (8-36) 


P P 


Therefore, the internal generated voltage in the machine can be expressed as 


E, = ZB a5 

= ( ZP \ 2artB Pe 

27a P 
ZP 
E,= 37, 9 (8-37) 
Finally, 

38) 
where k= (8-39) 


In modern industrial practice, it is common to express the speed of a ma- 
chine in revolutions per minute instead of radians per second. The conversion 
from revolutions per minute to radians per second is 


ie 2m (8-40) 


so the voltage equation with speed expressed in terms of revolutions per minute is 
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en 


where K'= 60a (8-42) 


How much torque is induced in the armature of a real dc machine? The 
torque in any dc machine depends on three factors: 


1. The flux ¢ in the machine 
2. The armature (or rotor) current /, in the machine 
3. A constant depending on the construction of the machine 


How can the torque on the rotor of a real machine be determined? The 
torque on the armature of a real machine is equal to the number of conductors Z 
times the torque on each conductor. The torque in any single conductor under the 
pole faces was previously shown to be 


Toond = "eonatB (8-43) 
If there are @ current paths in the machine, then the total armature current Jf, is 
split among the @ current paths, so the current in a single conductor is given by 
Ih, 


Loond = 7 (8-44) 


and the torque in a single conductor on the motor may be expressed as 
rl, IB 
Teond — a (8-45) 


Since there are Z conductors, the total induced torque in a dc machine 
rotor 1s 


ZriBl, 
Tind = —q (8-46) 
The flux per pole in this machine can be expressed as 
= BA, = Bear) = 2nniB (8-47) 


so the total induced torque can be reexpressed as 


ZP 
Tind = Do7q PLA (8-48) 
Finally, 
49) 
where K= edie (8-39) 


27a 
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Both the internal generated voltage and the induced torque equations just 
given are only approximations, because not all the conductors in the machine are 
under the pole faces at any given time and also because the surfaces of each pole 
do not cover an entire I/P of the rotor’s surface. To achieve greater accuracy, the 
number of conductors under the pole faces could be used instead of the total num- 
ber of conductors on the rotor. 


Example 8-3. A duplex lap-wound armature is used in a six-pole de machine with 
six brush sets, each spanning two commutator segments. There are 72 coils on the arma- 
ture, each containing 12 turns. The flux per pole in the machine is 0.039 Wb, and the ma- 
chine spins at 400 r/min. 


(a) How many current paths are there in this machine? 
(6) What is its induced voltage E,? 


Solution 
(a) The number of current paths in this machine is 
a = mP = 2(6) = 12 current paths (8-26) 
(b) The induced voltage in the machine is 
E, = K’gn (8-41) 
»_ £P 
and K’= 60a (842) 
The number of conductors in this machine is 
Z = 2CNec (8-22) 


= 2(72)02) = 1728 conductors 


Therefore, the constant K’ is 


meee EOS) <444 


~ 60a” (60)(12) 
and the voltage E, is 
E, = K'on 
= (14.4)(0.039 Wb)(400 r/min) 
= 224.6V 


Example 8-4. A 12-pole de generator has a simplex wave-wound armature con- 
taining 144 coils of 10 turns each. The resistance of each turn is 0.011 ©. Its flux per pole 
is 0.05 Wb, and it is turning at a speed of 200 r/min. 


(a) How many current paths are there in this machine? 

(6) What is the induced armature voltage of this machine? 

(c) What is the effective armature resistance of this machine? 

(d) If a 1-kQ resistor is connected to the terminals of this generator, what is the re- 
sulting induced countertorque on the shaft of the machine? (Ignore the internal 
armature resistance of the machine.) 


518 ELECTRIC MACHINERY FUNDAMENTALS 


Solution 

(a) There are a = 2m = 2 current paths in this winding. 

(b) There are Z = 2CN, = 2(144)(10) = 2880 conductors on this generator’s rotor. 
Therefore, 


, _ ZP _ (2880\(12) _ 
Koa” ano 


Therefore, the induced voltage is 
E, = K'on 
(288)(0.05 Wb)(200 r/min) 
= 2880V 
(c) There are two parallel paths through the rotor of this machine, each one consist- 


ing of Z/2 = 1440 conductors, or 720 turns. Therefore, the resistance in each 
current path is 


Resistance/path = (720 turns)(0.011 O/turn) = 7.92 0 
Since there are two parallel paths, the effective armature resistance is 


_ 7920 
2 


R, = 3.960 


(d) If a 1000-2 load is connected to the terminals of the generator, and if Ry, is ig- 
nored, then a current of J = 2880 V/1000 © = 2.88 A flows. The constant K is 
given by 


_ ZP _ (2880)(12) _ 
K = yng md) 7 27502 


Therefore, the countertorque on the shaft of the generator is 


Ting = KobI, = (2750.20.05 Wb)(2.88 A) 
= 396N*m 


8.6 THE CONSTRUCTION OF 
DC MACHINES 


A simplified sketch of a dc machine is shown in Figure 8-33, and a more detailed 
cutaway diagram of a dc machine is shown in Figure 8-34. 

The physical structure of the machine consists of two parts: the stator or sta- 
tionary part and the rotor or rotating part. The stationary part of the machine con- 
sists of the frame, which provides physical support, and the pole pieces, which 
project inward and provide a path for the magnetic flux in the machine. The ends 
of the pole pieces that are near the rotor spread out over the rotor surface to dis- 
tribute its flux evenly over the rotor surface. These ends are called the pole shoes. 
The exposed surface of a pole shoe is called a pole face, and the distance between 
the pole face and the rotor is called the air gap. 
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Field pole and 
field core 


Nameplate 


Yoke 


End bell 


FIGURE 8-33 
A simplified diagram of a dc machine. 


(b) 


FIGURE 8-34 

(a) A cutaway view of a 4000-hp. 700-V, 18—pole de machine showing compensating windings, 
interpoles, equalizer, and commutator. (Courtesy of General Electric Company.) (b) A cutaway view 
of a smaller four-pole de motor including interpoles but without compensating windings. (Courtesy 
of MagneTek Incorporated.) 
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There are two principal windings on a dc machine: the armature windings 
and the field windings. The armature windings are defined as the windings in 
which a voltage is induced, and the field windings are defined as the windings that 
produce the main magnetic flux in the machine. In a normal dc machine, the 
armature windings are located on the rotor, and the field windings are located on 
the stator. Because the armature windings are located on the rotor, adc machine’s 
rotor itself is sometimes called an armature. 

Some major features of typical dc motor construction are described below. 


Pole and Frame Construction 


The main poles of older dc machines were often made of a single cast piece of 
metal, with the field windings wrapped around it. They often had bolted-on lami- 
nated tips to reduce core losses in the pole faces. Since solid-state drive packages 
have become common, the main poles of newer machines are made entirely of 
laminated material (see Figure 8-35). This is true because there is a much higher 
ac content in the power supplied to de motors driven by solid-state drive pack- 
ages, resulting in much higher eddy current losses in the stators of the machines. 
The pole faces are typically either chamfered or eccentric in construction, mean- 
ing that the outer tips of a pole face are spaced slightly further from the rotor’s 
surface than the center of the pole face is (see Figure 8-36). This action increases 
the reluctance at the tips of a pole face and therefore reduces the flux-bunching ef- 
fect of armature reaction on the machine. 


FIGURE 8-35 
Main field pole assembly for a dc motor. Note the pole laminations and compensating windings. 
(Courtesy of General Electric Company.) 
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The poles on de machines are called salient poles, because they stick out 
from the surface of the stator. 

The interpoles in dc machines are located between the main poles. They are 
more and more commonly of laminated construction, because of the same loss 
problems that occur in the main poles. 

Some manufacturers are even constructing the portion of the frame that 
serves as the magnetic flux’s return path (the yoke) with laminations, to further re- 
duce core losses in electronically driven motors. 


Rotor or Armature Construction 


The rotor or armature of a dc machine consists of a shaft machined from a steel 
bar with a core built up over it. The core is composed of many laminations 
stamped from a steel plate, with notches along its outer surface to hold the arma- 
ture windings. The commutator is built onto the shaft of the rotor at one end of the 
core. The armature coils are laid into the slots on the core, as described in Section 
8.4, and their ends are connected to the commutator segments. A large dc machine 
rotor is shown in Figure 8-37. 


Commutator and Brushes 


The commutator in a dc machine (Figure 8-38) is typically made of copper bars 
insulated by a mica-type material. The copper bars are made sufficiently thick to 
permit normal wear over the lifetime of the motor. The mica insulation between 
commutator segments is harder than the commutator material itself, so as a ma- 
chine ages, it is often necessary to undercut the commutator insulation to ensure 
that it does not stick up above the level of the copper bars. 

The brushes of the machine are made of carbon, graphite, metal graphite, or 
a mixture of carbon and graphite. They have a high conductivity to reduce elec- 
trical losses and a low coefficient of friction to reduce excessive wear. They are 


1O= 6: 


(a) (b) 


FIGURE 8-36 
Poles with extra air-gap width at the tips to reduce armature reaction. (a) Chamfered poles: 
(b) eccentric or uniformly graded poles. 
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FIGURE 8-37 
Photograph of a dc machine with the upper stator half removed shows the construction of its rotor. 
(Courtesy of General Electric Company.) 


FIGURE 8-38 
Close-up view of commutator and brushes in a large de machine. (Courtesy of General Electric 
Company.) 
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deliberately made of much softer material than that of the commutator segments, 
so that the commutator surface will experience very litthe wear. The choice of 
brush hardness is a compromise: If the brushes are too soft, they will have to be 
replaced too often; but if they are too hard, the commutator surface will wear ex- 
cessively over the life of the machine. 

All the wear that occurs on the commutator surface is a direct result of the 
fact that the brushes must rub over them to convert the ac voltage in the rotor 
wires to dc voltage at the machine’s terminals. If the pressure of the brushes is too 
great, both the brushes and commutator bars wear excessively. However, if the 
brush pressure is too small, the brushes tend to jump slightly and a great deal of 
sparking occurs at the brush-commutator segment interface. This sparking is 
equally bad for the brushes and the commutator surface. Therefore, the brush 
pressure on the commutator surface must be carefully adjusted for maximum life. 

Another factor which affects the wear on the brushes and segments in a de 
machine commutator is the amount of current flowing in the machine. The 
brushes normally ride over the commutator surface on a thin oxide layer, which 
lubricates the motion of the brush over the segments. However, if the current is 
very small, that layer breaks down, and the friction between the brushes and the 
commutator is greatly increased. This increased friction contributes to rapid wear. 
For maximum brush life, a machine should be at least partially loaded all the time. 


Winding Insulation 


Other than the commutator, the most critical part of adc motor’s design is the in- 
sulation of its windings. If the insulation of the motor windings breaks down, the 
motor shorts out. The repair of a machine with shorted insulation is quite expen- 
sive, if itis even possible. To prevent the insulation of the machine windings from 
breaking down as a result of overheating, it is necessary to limit the temperature 
of the windings. This can be partially done by providing a cooling air circulation 
over them, but ultimately the maximum winding temperature limits the maximum 
power that can be supplied continuously by the machine. 

Insulation rarely fails from immediate breakdown at some critical tempera- 
ture. Instead, the increase in temperature produces a gradual degradation of the in- 
sulation, making it subject to failure due to another cause such as shock, vibration, 
or electrical stress. There is an old rule of thumb which says that the life ex- 
pectancy of a motor with a given insulation is halved for each 10 percent rise in 
winding temperature. This rule still applies to some extent today. 

To standardize the temperature limits of machine insulation, the National 
Electrical Manufacturers Association (NEMA) in the United States has defined a 
series of insulation system classes. Each insulation system class specifies the max- 
imum temperature rise permissible for each type of insulation. There are four stan- 
dard NEMA insulation classes for integral-horsepower dc motors: A, B, F, and H. 
Each class represents a higher permissible winding temperature than the one before 
it. For example, if the armature winding temperature rise above ambient tempera- 
ture in one type of continuously operating dc motor is measured by thermometer, 
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it must be limited to 70°C for class A, 100°C for class B, 130°C for class F, and 
155°C for class H insulation. 

These temperature specifications are set out in great detail in NEMA Stan- 
dard MG1-1993, Motors and Generators. Similar standards have been defined by 
the International Electrotechnical Commission (IEC) and by various national stan- 
dards organizations in other countries. 


8.7 POWER FLOW AND LOSSES IN 
DC MACHINES 


DC generators take in mechanical power and produce electric power, while dc 
motors take in electric power and produce mechanical power. In either case, not 
all the power input to the machine appears in useful form at the other end—there 
is always some loss associated with the process. 

The efficiency of a dc machine is defined by the equation 


P 

n= a x 100% (8-50) 
in 

The difference between the input power and the output power of a machine is the 

losses that occur inside it. Therefore, 


P..—P 
7 = x 100% (8-51) 


The Losses in DC Machines 


The losses that occur in dc machines can be divided into five basic categories: 


. Electrical or copper losses (7?R losses) 
. Brush losses 

. Core losses 

- Mechanical losses 


mn me ww N= 


. Stray load losses 


ELECTRICAL OR COPPER LOSSES. Copper losses are the losses that occur in 
the armature and field windings of the machine. The copper losses for the arma- 
ture and field windings are given by 
Armature loss:  P, = I?R, (8-52) 
Field loss: Pp = IP Rp (8-53) 


where P, = armature loss 
field circuit loss 


= 
Hl 
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I, = armature current 
I, = field current 

R, = armature resistance 
field resistance 


-.) 
" 
Il 


The resistance used in these calculations is usually the winding resistance at nor- 
mal operating temperature. 


BRUSH LOSSES. The brush drop loss is the power lost across the contact poten- 
tial at the brushes of the machine. It is given by the equation 


Pan = Venta (8-54) 


where Psp = brush drop loss 
Vap = brush voltage drop 
I, = armature current 


The reason that the brush losses are calculated in this manner is that the voltage 
drop across a set of brushes is approximately constant over a large range of arma- 
ture currents. Unless otherwise specified, the brush voltage drop 1s usually as- 
sumed to be about 2 V. 


CORE LOSSES. The core losses are the hysteresis losses and eddy current losses 
occurring in the metal of the motor. These losses are described in Chapter 1. These 
losses vary as the square of the flux density (B*) and, for the rotor, as the 1.5th 
power of the speed of rotation (n'*). 


MECHANICAL LOSSES. The mechanical losses in a dc machine are the losses 
associated with mechanical effects. There are two basic types of mechanical 
losses: friction and windage. Friction losses are losses caused by the friction of the 
bearings in the machine, while windage losses are caused by the friction between 
the moving parts of the machine and the air inside the motor’s casing. These 
losses vary as the cube of the speed of rotation of the machine. 


STRAY LOSSES (OR MISCELLANEOUS LOSSES). Stray losses are losses that 
cannot be placed in one of the previous categories. No matter how carefully losses 
are accounted for, some always escape inclusion in one of the above categories. 
All such losses are lumped into stray losses. For most machines, stray losses are 
taken by convention to be | percent of full load. 


The Power-Flow Diagram 


One of the most convenient techniques for accounting for power losses in a ma- 
chine is the power-flow diagram. A power-flow diagram for a dc generator is 
shown in Figure 8—39a. In this figure, mechanical power is input into the machine, 
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Pow = Vrit 
Pin= 
Poo 
Pin= app ©m 
Pa=Vrlt 
fie oa Stray 
ecnanica losses 
Core losses 
1? R losses losses 
(b) 
FIGURE 8-39 


Power-flow diagrams for de machine: (a) generator; (b) motor. 


and then the stray losses, mechanical losses, and core losses are subtracted. After 
they have been subtracted, the remaining power is ideally converted from me- 
chanical to electrical form at the point labeled ?.,,,. The mechanical power that is 
converted is given by 


Peony = Tind®m (8-55) 
and the resulting electric power produced is given by 
tony = Exl, (856) 


However, this is not the power that appears at the machine’s terminals. Be- 
fore the terminals are reached, the electrical J?R losses and the brush losses must 
be subtracted. 

In the case of dc motors, this power-flow diagram is simply reversed. The 
power-flow diagram for a motor is shown in Figure 8—39b. 
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Example problems involving the calculation of motor and generator effi- 
ciencies will be given in the next two chapters. 


8.8 SUMMARY 


DC machines convert mechanical power to dc electric power, and vice versa. In 
this chapter, the basic principles of dc machine operation were explained first by 
looking at a simple linear machine and then by looking at a machine consisting of 
a single rotating loop. 

The concept of commutation as a technique for converting the ac voltage in 
rotor conductors to a de output was introduced, and its problems were explored. 
The possible winding arrangements of conductors in a de rotor (lap and wave 
windings) were also examined. 

Equations were then derived for the induced voltage and torque in a de ma- 
chine, and the physical construction of the machines was described. Finally, the 
types of losses in the dc machine were described and related to its overall operat- 
ing efficiency. 


QUESTIONS 


8-1. What is commutation? How can a commutator convert ac voltages on a machine’s 
armature to dc voltages at its terminals? 
8-2. Why does curving the pole faces in a dc machine contribute to a smoother dc output 
voltage from it? 
8-3. What is the pitch factor of a coil? 
8-4. Explain the concept of electrical degrees. How is the electrical angle of the voltage 
in a rotor conductor related to the mechanical angle of the machine’s shaft? 
8-5. What is commutator pitch? 
8-6. What is the plex of an armature winding? 
8-7. How do lap windings differ from wave windings? 
8-8. What are equalizers? Why are they needed on a lap-wound machine but not ona 
wave-wound machine? 
8-9. What is armature reaction? How does it affect the operation of a dc machine? 
8-10. Explain the L di/dt voltage problem in conductors undergoing commutation. 
8-11. How does brush shifting affect the sparking problem in dc machines? 
8-12. What are commutating poles? How are they used? 
8-13. What are compensating windings? What is their most serious disadvantage? 
8-14. Why are laminated poles used in modern dc machine construction? 
$-15. What is an insulation class? 
8-16. What types of losses are present in a dc machine? 


PROBLEMS 


8-1. The following information is given about the simple rotating loop shown in Fig- 
ure 8-6: 
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B= 08T Vz = 24V 
i= 05m R=040 
r = 0.125m @ = 250 rad/s 


(a) Is this machine operating as a motor or a generator? Explain. 

(b) What is the current ¢ flowing into or out of the machine? What is the power 
flowing into or out of the machine? 

(c) If the speed of the rotor were changed to 275 rad/s, what would happen to the 
current flow into or out of the machine? 

(d) If the speed of the rotor were changed to 225 rad/s, what would happen to the 
current flow into or out of the machine? 

8-2. Refer to the simple two-pole eight-coil machine shown in Figure P8—1. The follow- 
ing information is given about this machine: 


Given: B = 1.0 T in the air gap 
/ =0.3 m (length of sides) 
r = 0.08 m (radius of coils) 
n= 1700 r/min 


Lines on this side of rotor 


— — — — Lines on other side of rotor 


FIGURE P8-1 
The machine in Problem 8-2. 


8-3. 


8-4. 
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B=10T in air gap 

£=0.3m (length of coil sides) 
r=0.08 m (radius of coils) 
n= 1700 r/min CCW 


The resistance of each rotor coil is 0.04 2. 

(a) Is the armature winding shown a progressive or retrogressive winding? 

(b) How many current paths are there through the armature of this machine? 

(c) What are the magnitude and the polarity of the voltage at the brushes in this 
machine? 

(d) What is the armature resistance R, of this machine? 

(e) Ifa 10-Q resistor is connected to the terminals of this machine, how much cur- 
rent flows in the machine? Consider the internal resistance of the machine in de- 
termining the current flow. 

(f) What are the magnitude and the direction of the resulting induced torque? 

(g) Assuming that the speed of rotation and magnetic flux density are constant, plot 
the terminal voltage of this machine as a function of the current drawn from it. 

Prove that the equation for the induced voltage of a single simple rotating loop 


2 
is just a special case of the general equation for induced voltage in a dc machine 
E, = Kobo (8-38) 


Adc machine has eight poles and a rated current of 100 A. How much current will 
flow in each path at rated conditions if the armature is (a) simplex lap-wound, 
(b) duplex lap-wound, (c) simplex wave-wound? 


. How many parallel current paths will there be in the armature of a 12-pole machine 


8-6. 


8-7 


8-8, 


if the armature is (a) simplex lap-wound, (6) duplex wave-wound, (c) triplex lap- 
wound, (d) quadruplex wave-wound? 
The power converted from one form to another within a dc motor was given by 


Fas = Eyl, = Tind®m 


Use the equations for E, and 7,,, [Equations (8-38) and (8—49)] to prove that 
Eyl, = Ting that is, prove that the electric power disappearing at the point of 
power conversion is exactly equal to the mechanical power appearing at that point. 
An eight-pole, 25-kW, 120-V dc generator has a duplex lap-wound armature which 
has 64 coils with 16 turns per coil. Its rated speed is 2400 r/min. 

(a) How much flux per pole is required to produce the rated voltage in this genera- 
tor at no-load conditions? 

(b) What is the current per path in the armature of this generator at the rated load? 

(c) What is the induced torque in this machine at the rated load? 

(@) How many brushes must this motor have? How wide must each one be? 

(e) If the resistance of this winding is 0.011 per turn, what is the armature resis- 
tance R, of this machine? 

Figure P8—2 shows a small two-pole dc motor with eight rotor coils and four turns 

per coil. The flux per pole in this machine is 0.0125 Wb. 
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8-9. 


8-10. 
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FIGURE P8-2 
The machine in Problem 8-38. 


(a) If this motor is connected to a 12-V de car battery, what will the no-load speed 
of the motor be? 

(b) If the positive terminal of the battery is connected to the rightmost brush on the 
motor, which way will it rotate? 

(c) If this motor is loaded down so that it consumes 50 W from the battery, what 
will the induced torque of the motor be? (Ignore any internal resistance in the 
motor.) 

Refer to the machine winding shown in Figure P8-3. 

(a) How many parallel current paths are there through this armature winding? 

(b) Where should the brushes be located on this machine for proper commutation? 
How wide should they be? 

(c) What is the plex of this machine? 

(d) If the voltage on any single conductor under the pole faces in this machine is e, 
what is the voltage at the terminals of this machine? 

Describe in detail the winding of the machine shown in Figure P8-4. If a positive 

voltage is applied to the brush under the north pole face, which way will this motor 

rotate? 


REFERENCES 


1. Del Toro, V. Electric Machines and Power Systems. Englewood Cliffs, N.J.: Prentice-Hall, 1985. 

2. Fitzgerald, A. E., C. Kingsley, Jr., and S. D. Umans. Electric Machinery. 5th ed. New York: 
McGraw-Hill, 1990. 

3. Hubert, Charles |. Preventative Maintenance of Electrical Equipment, 2nd ed. New York: 
McGraw-Hill, 1969. 

4. Kosow, Irving L. Electric Machinery and Transformers. Englewood Cliffs, N.J.: Prentice-Hail, 
1972. 

5. National Electrical Manufacturers Association. Motors and Generators, Publication MG1-1993, 
Washington, D.C., 1993. 

6. Siskind, Charles. Direct Current Machinery. New York: McGraw-Hill, 1952. 

7. Weminck, E. H. (ed.). Electric Motor Handbook. London: McGraw-Hill, 1978. 


DC MACHINERY FUNDAMENTALS 531 


‘ 
x 


y 


FIGURE P8-3 


(a) The machine in Problem 8-9. (b) The armature winding diagram of this machine. 
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FIGURE P84 
The machine in Problem 8-10. 


CHAPTER 


DC MOTORS 
AND 
GENERATORS 


C motors are dc machines used as motors, and de generators are de machines 

used as generators. As noted in Chapter 8, the same physical machine can op- 
erate as either a motor or a generator—t is simply a question of the direction of 
the power flow through it. This chapter will examine the different types of dc mo- 
tors that can be made and explain the advantages and disadvantages of each. It 
will include a discussion of dc motor starting and solid-state controls. Finally, the 
chapter will conclude with a discussion of de generators. 


9.1 INTRODUCTION TO DC MOTORS 


The earliest power systems in the United States were dc systems, but by the 1890s 
ac power systems were clearly winning out over de systems. Despite this fact, de 
motors continued to be a significant fraction of the machinery purchased each 
year through the 1960s (that fraction has declined in the last 40 years). Why were 
dc motors so common, when dc power systems themselves were fairly rare? 
There were several reasons for the continued popularity of dc motors. One 
was that dc power systems are still common in cars, trucks, and aircraft. When a 
vehicle has a dc power system, it makes sense to consider using dc motors. An- 
other application for dc motors was a situation in which wide variations in speed 
are needed. Before the widespread use of power electronic rectifier-inverters, dc 
motors were unexcelled in speed control applications. Even if no dc power source 
were available, solid-state rectifier and chopper circuits were used to create the 
necessary dc power, and de motors were used to provide the desired speed control. 
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(a) 


(b) 


FIGURE 9-1 


Early dc motors. (a) A very early dc motor built by Elihu Thompson in 1886. It was rated at about 
% hp. (Courtesy of General Electric Company.) (b) A larger four-pole dc motor from about the turn 
of the century. Notice the handle for shifting the brushes to the neutral plane. (Courtesy of General 
Electric Company. ) 


(Today, induction motors with solid-state drive packages are the preferred choice 
over dc motors for most speed control applications. However, there are still some 
applications where dc motors are preferred.) 

DC motors are often compared by their speed regulations. The speed regu- 
lation (SR) of a motor is defined by 


@y| — Wa 
SR = — x 100% (9-1) 
| 
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SR = “ol —"8 x 100% (9-2) 
ne 
It is a rough measure of the shape of a motor’s torque—speed characteristic—a 
positive speed regulation means that a motor’s speed drops with increasing load, 
and a negative speed regulation means a motor’s speed increases with increasing 
load. The magnitude of the speed regulation tells approximately how steep the 
slope of the torque—speed curve is. 

DC motors are, of course, driven from a dc power supply. Unless otherwise 
specified, the input voltage to a dc motor is assumed to be constant, because that 
assumption simplifies the analysis of motors and the comparison between differ- 
ent types of motors. 

There are five major types of dc motors in general use: 


1. The separately excited de motor 
2. The shunt dc motor 

3. The permanent-magnet dc motor 
4. The series dc motor 

5. The compounded dc motor 


Each of these types will be examined in turn. 


9.2 THE EQUIVALENT CIRCUIT 
OF A DC MOTOR 


The equivalent circuit of adc motor is shown in Figure 9-2. In this figure, the ar- 
mature circuit is represented by an ideal voltage source E, and a resistor R,. This 
representation is really the Thevenin equivalent of the entire rotor structure, in- 
cluding rotor coils, interpoles, and compensating windings, if present. The brush 
voltage drop is represented by a small battery V,,,.,, opposing the direction of cur- 
rent flow in the machine. The field coils, which produce the magnetic flux in the 
generator, are represented by inductor L, and resistor R,. The separate resistor Rig 
represents an external variable resistor used to control the amount of current in the 
field circuit. 

There are a few variations and simplifications of this basic equivalent cir- 
cuit. The brush drop voltage is often only a very tiny fraction of the generated 
voltage in a machine. Therefore, in cases where it 1s not too critical, the brush 
drop voltage may be left out or approximately included in the value of R,. Also, 
the internal resistance of the field coils is sometimes lumped together with the 
variable resistor, and the total is called R; (see Figure 9-2b). A third variation is 
that some generators have more than one field coil, all of which will appear on the 
equivalent circuit. 

The internal generated voltage in this machine is given by the equation 
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FIGURE 9-2 


(a) The equivalent circuit of a de motor. (b) A simplified equivalent circuit eliminating the brush 
voltage drop and combining R,,4; with the field resistance. 


and the induced torque developed by the machine is given by 


(8-49) 


These two equations, the Kirchhotf’s voltage law equation of the armature circuit 
and the machine’s magnetization curve, are all the tools necessary to analyze the 
behavior and performance of a de motor. 


9.3. THE MAGNETIZATION CURVE 
OF A DC MACHINE 


The internal generated voltage E, of a dc motor or generator is given by Equation 


(8-38): 
38 


Therefore, E, is directly proportional to the flux in the machine and the speed of 
rotation of the machine. How is the internal generated voltage related to the field 
current in the machine? 
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&, A- turns 


FIGURE 9-3 
The magnetization curve of a ferromagnetic material (@ versus ¥). 


E,l = Kow] 


v= Wo 
N= No (constant) 


FIGURE 9-4 
The magnetization curve of a dc machine expressed as a plot of E, versus /;, for a fixed speed w,. 


The field current in a dc machine produces a field magnetomotive force 
given by # = N-l,. This magnetomotive force produces a flux in the machine in 
accordance with its magnetization curve (Figure 9-3). Since the field current is di- 
rectly proportional to the magnetomotive force and since £, is directly propor- 
tional to the flux, it is customary to present the magnetization curve as a plot of E, 
versus field current for a given speed wp (Figure 9-4). 

It is worth noting here that, to get the maximum possible power per pound 
of weight out of a machine, most motors and generators are designed to operate 
near the saturation point on the magnetization curve (at the Knee of the curve). 
This implies that a fairly large increase in field current is often necessary to get a 
small increase in E, when operation is near full load. 

The de machine magnetization curves used in this book are also available in 
electronic form to simplify the solution of problems by MATLAB. Each magneti- 
zation curve is stored in a separate MAT file. Each MAT file contains three 
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variables: if_values, containing the values of the field current; ea_values, 
containing the corresponding values of E,, and n_0, containing the speed at which 
the magnetization curve was measured in units of revolutions per minute. 


9.4 SEPARATELY EXCITED AND 
SHUNT DC MOTORS 


The equivalent circuit of a separately excited dc motor is shown in Figure 95a, 
and the equivalent circuit of a shunt dc motor is shown in Figure 9-5b. A sepa- 
rately excited de motor is a motor whose field circuit is supplied from a separate 
Ry 4a I 


eee 8 


+ 


Sometimes 
lumped 
together and 
called Rr 


fol, 


together and 
called Rr 


Vr= Ex + T4Ra 


i= I, + Ir 
(b) 


FIGURE 9-5 
(a) The equivalent circuit of a separately excited dc motor. (b) The equivalent circuit of a shunt 
dc motor. 
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constant-voltage power supply, while a shunt dc motor is a motor whose field 
Circuit gets its power directly across the armature terminals of the motor. When 
the supply voltage to a motor is assumed constant, there is no practical difference 
in behavior between these two machines. Unless otherwise specified, whenever 
the behavior of a shunt motor is described, the separately excited motor is 
included, too. 

The Kirchhoff’s voltage law (KVL) equation for the armature circuit of 


these motors is 
V,= E,+ LR, (9-3) 


The Terminal Characteristic of a Shunt DC Motor 


A terminal characteristic of a machine is a plot of the machine’s output quantities 
versus each other. For a motor, the output quantities are shaft torque and speed, so 
the terminal characteristic of a motor is a plot of its output torque versus speed. 

How does a shunt de motor respond to a load? Suppose that the load on the 
shaft of a shunt motor is increased. Then the load torque 7,,,g will exceed the in- 
duced torque 7,4 in the machine, and the motor will start to slow down. When the 
motor slows down, its internal generated voltage drops (E, = K@a), so the ar- 
mature current in the motor J, = (V; — £,1)/R, increases. As the armature current 
rises, the induced torque in the motor increases (4,5 = K@1,1), and finally the in- 
duced torque will equal the load torque at a lower mechanical speed of rotation w. 

The output characteristic of a shunt de motor can be derived from the in- 
duced voltage and torque equations of the motor plus Kirchhoff’s voltage law. 
(KVL) The KVL equation for a shunt motor is 


V7, = E, + UR, (9-3) 
The induced voltage E, = Kw, so 


= Kw + 1,R, (9-4) 
Since Ting = Kebl,, current J, can be expressed as 
— “ind = 
= Ke (9-5) 


Combining Equations (9-4) and (9-5) produces 
= Kdw + eae (9-6) 
Finally, solving for the motor’s speed yields 


Ra 
é- ( (Koy Tind (9-7) 


This equation is just a straight line with a negative slope. The resulting 
torque—speed characteristic of a shunt dc motor is shown in Figure 9-6a. 
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FIGURE 9-6 

(a) Torque—speed characteristic of a shunt or separately excited dc motor with compensating 
windings to eliminate armature reaction. (b) Torque—speed characteristic of the motor with armature 
reaction present. 


It is important to realize that, in order for the speed of the motor to vary lin- 
early with torque, the other terms in this expression must be constant as the load 
changes. The terminal voltage supplied by the de power source is assumed to be 
constant—f it is not constant, then the voltage variations will affect the shape of 
the torque—speed curve. 

Another effect internal to the motor that can also affect the shape of the 
torque—speed curve is armature reaction. If a motor has armature reaction, then as 
its load increases, the flux-weakening effects reduce its flux. As Equation (9-7) 
shows, the effect of a reduction in flux is to increase the motor’s speed at any given 
load over the speed it would run at without armature reaction. The torque—speed 
characteristic of a shunt motor with armature reaction is shown in Figure 9-6b. If 
a motor has compensating windings, of course there will be no flux-weakening 
problems in the machine, and the flux in the machine will be constant. 
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Vy = 250 V 


FIGURE 9-7 
The shunt motor in Example 9-1. 


Zf a shunt dc motor has compensating windings so that its flux ts constant 
regardless of load, and the motor’s speed and armature current are known at any 
one value of load, then it is possible to calculate its speed at any other value of 
load, as long as the armature current at that load is known or can be determined. 
Example 9-1 illustrates this calculation. 


Example 9-1. A 50-hp, 250-V, 1200 r/min de shunt motor with compensating 
windings has an armature resistance (including the brushes, compensating windings, and 
interpoles) of 0.06 2. Its field circuit has a total resistance R,4, + Rp of 50 O, which pro- 
duces a no-load speed of 1200 r/min. There are 1200 turns per pole on the shunt field wind- 
ing (see Figure 9-7). 


(a) Find the speed of this motor when its input current is 100 A. 
(6) Find the speed of this motor when its input current is 200 A. 
(c) Find the speed of this motor when its input current is 300 A. 
(d) Plot the torque—speed characteristic of this motor. 


Solution 
The internal generated voltage of a dc machine with its speed expressed in revolutions per 
minute is given by 


Ey = K’bn (8-41) 


Since the field current in the machine is constant (because V7 and the field resistance are 
both constant), and since there are no armature reaction effects, the flux in this motor ts 
constant. The relationship between the speeds and internal generated voltages of the motor 
at two different load conditions is thus 


Eg _ Kom as 

E,, Kon, ee 
The constant K’ cancels, since it is a constant for any given machine, and the flux @ can- 
cels as described above. Therefore, 


Ex2 
m= eM (9-9) 
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At no load, the armature current is zero, so £,, = V7; = 250 V, while the speed n, = 
1200 r/min. If we can calculate the internal generated voltage at any other load, it will be 
possible to determine the motor speed at that load from Equation (9-9). 


(a) If 7, = 100 A, then the armature current in the motor is 


L=1,-t,=1! nee 
A L F re Rr 
= _ 250V 
100A - “Sy = 95A 


Therefore, EF, at this load will be 
Ex, = Vr — GR 
= 250V — (95 A)(0.06 ©) = 244.3 V 
The resulting speed of the motor is 


E42 _ 244.3 V 


ny = Ez," = 350 V 1200 r/min = 1173 r/min 
(b) If 7, = 200 A, then the armature current in the motor is 
. _ 250V _ 
1, = 200 5007 195 A 


Therefore, E, at this load will be 
Ey — Vr = TR, 
= 250 V — (195 A)(0.06 21) = 238.3 V 


The resulting speed of the motor is 


Eg _ 238.3V 
ny, = Ex, My = a5QV 1200 r/min = 1144 r/min 


(c) If 7, = 300 A, then the armature current in the motor is 


Vy 
2 _ 20V _ 
= 300A 5007 295A 
Therefore, E, at this load will be 
Ex, = Vr — [4Rg 


= 250 V — (205 A)(0.06 11) = 232.3 V 
The resulting speed of the motor is 


fa _ 232.3V ae 
n= ny = S50 V 1200 r/min = 1115 r/min 


(d) To plot the output characteristic of this motor, it is necessary to find the torque 
corresponding to each value of speed. At no load, the induced torque 7,4 is 
clearly zero. The induced torque for any other load can be found from the fact 
that power converted in a de motor is 
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| ane = Egl, = Ting (8-55, 8-56) 
From this equation, the induced torque in a motor is 
E,l 
a (9-10) 


Therefore, the induced torque when /, = 100 A is 
(244.3 V)(95 A) 


ind = (1173 min) min/60s)(2a rad) — '9ON *m 
The induced torque when /, = 200 Ais 
= (238.3 V)(95 A) = 
Tina = (1144 r/min min/60s\(2wradty) 88 N° ™ 
The induced torque when /, = 300 Ais 
_ (232.3 V(295 A) — 587 Nem 


Tind ~ (1115 r/min)(1 min/60s\(27 rad’) 


The resulting torque—speed characteristic for this motor is plotted in Figure 9-8. 


Nonlinear Analysis of a Shunt DC Motor 


The flux & and hence the internal generated voltage EZ, of a dc machine is a non- 
linear function of its magnetomotive force. Therefore, anything that changes the 
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FIGURE 9-8 
The torque—speed characteristic of the motor in Example 9-1. 
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magnetomotive force in a machine will have a nonlinear effect on the internal 
generated voltage of the machine. Since the change in E, cannot be calculated an- 
alytically, the magnetization curve of the machine must be used to accurately de- 
termine its E, for a given magnetomotive force. The two principal contributors to 
the magnetomotive force in the machine are its field current and its armature re- 
action, if present. 

Since the magnetization curve is a direct plot of £4 versus J; for a given 
speed w,, the effect of changing a machine’s field current can be determined di- 
rectly from its magnetization curve. 

If a machine has armature reaction, its flux will be reduced with each 
increase in load. The total magnetomotive force in a shunt dc motor is the field 
circuit magnetomotive force less the magnetomotive force due to armature re- 
action (AR): 


F net = Nelp fas Pap (9-11) 


Since magnetization curves are expressed as plots of E, versus field current, it is 
customary to define an equivalent field current that would produce the same out- 
put voltage as the combination of all the magnetomotive forces in the machine. 
The resulting voltage E, can then be determined by locating that equivalent field 
current on the magnetization curve. The equivalent field current of a shunt dc mo- 
tor is given by 


r= 1,——88 (9-12) 


One other effect must be considered when nonlinear analysis is used to de- 
termine the internal generated voltage of a dc motor. The magnetization curves for 
a machine are drawn for a particular speed, usually the rated speed of the ma- 
chine. How can the effects of a given field current be determined if the motor is 
turning at other than rated speed? 

The equation for the induced voltage in a dc machine when speed is ex- 
pressed in revolutions per minute is 


E, = K'on (8-41) 
For a given effective field current, the flux in a machine is fixed, so the internal 
generated voltage is related to speed by 


Ex on 


Ex (9-13) 
where Eo and ny represent the reference values of voltage and speed, respectively. 
If the reference conditions are known from the magnetization curve and the actual 
£, is known from Kirchhoft’s voltage law, then it is possible to determine the ac- 
tual speed a from Equation (9-13). The use of the magnetization curve and Equa- 
tions (9-12) and (9-13) is illustrated in the following example, which analyzes a 
dc motor with armature reaction. 
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FIGURE 9-9 
The magnetization curve of a typical 250-V dc motor, taken at a speed of 1200 r/min. 


Example 9-2. A 50-hp, 250-V, 1200 r/min de shunt motor without compensating 
windings has an armature resistance (including the brushes and interpoles) of 0.06 1. Its 
field circuit has a total resistance Rp + R,y, of 50 ©, which produces a no-load speed of 
1200 r/min. There are 1200 turns per pole on the shunt field winding, and the armature re- 
action produces a demagnetizing magnetomotive force of 840 A « turns at a load current of 
200 A. The magnetization curve of this machine is shown in Figure 9-9. 


(a) Find the speed of this motor when its input current is 200 A. 
(b) This motor is essentially identical to the one in Example 9-1 except for the ab- 


sence of compensating windings. How does its speed compare to that of the pre- 
vious motor at a load current of 200 A? 


(c) Calculate and plot the torque—speed characteristic for this motor. 


Solution 
(a) If /, = 200 A, then the armature current of the motor is 
=i,-lp=l vr 
AS fe IFS !L Re 
= 200A — SOY = 1954 


500 
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Therefore, the internal generated voltage of the machine is 
E, = Vr — U4Rg 
= 250 V — (195 A)(0.06 2) = 238.3 V 


At f, = 200A, the demagnetizing magnetomotive force due to armature reac- 
tion is 840 A turns, so the effective shunt field current of the motor is 
Fan 
= Ip — Ne (9-12) 
840 Ae turns _ 


From the magnetization curve, this effective field current would produce an in- 
ternal generated voltage E49 of 233 V at a speed ny of 1200 r/min. 

We know that the internal generated voltage E,) would be 233 V at a speed 
of 1200 r/min. Since the actual internal generated voltage E, is 238.3 V, the ac- 
tual operating speed of the motor must be 


E, ni 

4 == 9-13 

Eng Ng ( ) 
E 238.3 V 


a= Exo My = 933 (1200 r/min) = 1227 r/min 

(b) At 200 A of load in Example 9-1, the motor’s speed was 2 = 1144 r/min. In this 
example, the motor’s speed is 1227 r/min. Notice that the speed of the motor 
with armature reaction is higher than the speed of the motor with no armature 
reaction, This relative increase in speed is due to the flux weakening in the ma- 
chine with armature reaction. 

(c) To derive the torque-speed characteristic of this motor, we must calculate the 
torque and speed for many different conditions of load. Unfortunately, the de- 
magnetizing armature reaction magnetomotive force is only given for one con- 
dition of load (200 A). Since no additional information is available, we will as- 
sume that the strength of #4, varies linearly with load current. 

A MATLAB M.-file which automates this calculation and plots the resulting 
torque—speed characteristic is shown below. It performs the same steps as part a 
to determine the speed for each load current, and then calculates the induced 
torque at that speed. Note that it reads the magnetization curve from a file called 
fig9_9.mat. This file and the other magnetization curves in this chapter are 
available for download from the book’s World Wide Web site (see Preface for 
details). 


M-file: shunt_ts_curve.m 

M-file create a plot of the torque-speed curve of the 
the shunt dec motor with armature reaction in 
Example 9-2. 


dP oP 3 oP 


% Get the magnetization curve. This file contains the 
% three variables if_value, ea_value, and n_0O. 
load fig9_9.mat 


% First, initialize the values needed in this program. 
vit = 250; % Terminal voltage (V) 
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r_f = 50; % Field resistance (ohms) 

r_a = 0.06; % Armature resistance (ohms) 

i_l = 10:10:300; % Line currents (A) 

n_f = 1200; % Number of turns on field 

f_arO = 840; % Armature reaction @ 200 A (A-t/m) 


% Calculate the armature current for each load. 
i_a = i_l - vit / r_f; 


% Now calculate the internal generated voltage for 
% each armature current. 
eaz-= vit - i_a* r_a; 


% Calculate the armature reaction MMF for each armature 
% current. 
f_ar = (i_a / 200) * f_arQ; 


% Calculate the effective field current. 
i_f = vt / r_f - f_ar / n_f; 


% Calculate the resulting internal generated voltage at 
% 1200 r/min by interpolating the motor’s magnetization 
% curve. 

e_a0 = interpl(if_values,ea_values,i_f,'spline'); 

% Calculate the resulting speed from Equation (9-13). 
n= (ea ./ead) * n_O; 


% Calculate the induced torque corresponding to each 
% speed from Equations (8-55) and (8-56). 
t_ind = e_a .* ila ./ (n * 2 * pi / 60); 


% Plot the torque-speed curve 

plot (t_ind,n, 'Color','k', 'LineWidth',2.0); 

hold on; 

xlabel('\tau_{ind} (N-m)','Fontweight', 'Bold'); 
ylabel('\itn_{m} \rm\bf(r/min)', 'Fontweight', 'Bold'); 
('\bfShunt DC motor torque-speed characteristic’) 
axis([ 0 600 1100 1300]); 

grid on; 

hold off; 
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The resulting torque—speed characteristic is shown in Figure 9-10. Note that for any given 
load, the speed of the motor with armature reaction is higher than the speed of the motor 


without armature reaction. 


Speed Control of Shunt DC Motors 


How can the speed of a shunt de motor be controlled? There are two common 
methods and one less common method in use. The common methods have already 
been seen in the simple linear machine in Chapter | and the simple rotating loop 
in Chapter 8. The two common ways in which the speed of a shunt de machine 


can be controlled are by 
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FIGURE 9-10 
The torque—-speed characteristic of the motor with armature reaction in Example 9-2. 


1. Adjusting the field resistance R; (and thus the field flux) 
2. Adjusting the terminal voltage applied to the armature. 


The less common method of speed control is by 
3. Inserting a resistor in series with the armature circuit. 


Each of these methods is described in detail below. 


CHANGING THE FIELD RESISTANCE. To understand what happens when the 
field resistor of a dc motor is changed, assume that the field resistor increases and 
observe the response. If the field resistance increases, then the field current de- 
creases (Ip = Vr/Re- T), and as the field current decreases, the flux @ decreases 
with it. A decrease in flux causes an instantaneous decrease in the internal gener- 
ated voltage E,(= Kolm), which causes a large increase in the machine’s arma- 
ture current, since 
} V, — E,t 
l= R, 

The induced torque in a motor is given by 7,,, = Kdl,. Since the flux ¢@ in 
this machine decreases while the current /, increases, which way does the induced 
torque change? The easiest way to answer this question is to look at an example. 
Figure 9-11 shows a shunt dc motor with an internal resistance of 0.25 It 
is currently operating with a terminal voltage of 250 V and an internal generated 
voltage of 245 V. Therefore, the armature current flow is Z, = (250 V — 
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Ry = 0.250 


Vr=250V 


FIGURE 9-11 
A 250-V shunt de motor with typical values of Ey and Ry. 


245 V)/0.25 O = 20 A. What happens in this motor if there is a I percent decrease 
in flux? If the flux decreases by | percent, then £, must decrease by 1 percent too, 
because E, = Kgw. Therefore, E, will drop to 


Ex, = 0.99 Ex, = 0.99(245 V) = 242.55 V 


The armature current must then rise to 


_ 250 V — 242.55 V 
= 0.25 0 


Thus a I percent decrease in flux produced a 49 percent increase in armature 
current. 

So to get back to the original discussion, the increase in current predomi- 
nates over the decrease in flux, and the induced torque rises: 


i = 298A 


Lf 
Tina = Ko ly 


SINCE Ting > Tiong the motor speeds up. 

However, as the motor speeds up, the internal generated voltage E, rises, 
causing /, to fall. As J, falls, the induced torque 7, falls too, and finally 7,,g again 
equals 7.44 at a higher steady-state speed than originally. 

To summarize the cause-and-effect behavior involved in this method of 
speed control: 


1. Increasing R; causes [p(= Vr/R; T) to decrease. 

2. Decreasing J, decreases . 

3. Decreasing @ lowers E, (= K¢lw). 

4. Decreasing E, increases 1,(= Vr — Ey 4)/Rg. 

5. Increasing J, increases 7,,4(= K@lJ,N), with the change in J, dominant over 
the change in flux). 

» Increasing Ting MAKES Ting > Toad ANd the speed w increases. 

. Increasing to increases E, = KgwT again. 


~~ oN 
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(a) 


FIGURE 9-12 

The effect of field resistance speed 
control on a shunt motor’s 
torque—speed characteristic: 

(a) over the motor’s normal 
operating range; (b) over the entire 
range from no-load to stall 

(b) conditions. 


8. Increasing E, decreases I,. 
9, Decreasing J, decreases 7,,4 until 7,4 = Tioqg at a higher speed w. 


The effect of increasing the field resistance on the output characteristic of a shunt 
motor is shown in Figure 9—-12a. Notice that as the flux in the machine decreases, 
the no-load speed of the motor increases, while the slope of the torque—speed 
curve becomes steeper. Naturally, decreasing R- would reverse the whole process, 
and the speed of the motor would drop. 


A WARNING ABOUT FIELD RESISTANCE SPEED CONTROL. The effect of in- 
creasing the field resistance on the output characteristic of a shunt dc motor is 
shown in Figure 9-12. Notice that as the flux in the machine decreases, the no- 
load speed of the motor increases, while the slope of the torque—speed curve be- 
comes steeper. This shape is a consequence of Equation (9-7), which describes 
the terminal characteristic of the motor. In Equation (9-7), the no-load speed is 


DC MOTORS AND GENERATORS 55] 


Variable 
voltage 
controller 


Vz is constant 
¥4 is variable 


FIGURE 9-13 
Armature voltage control of a shunt (or separately excited) de motor. 


proportional to the reciprocal of the flux in the motor, while the slope of the curve 
is proportional to the reciprocal of the flux squared. Therefore, a decrease in flux 
causes the slope of the torque—speed curve to become steeper. 

Figure 9-12a shows the terminal characteristic of the motor over the range 
from no-load to full-load conditions. Over this range, an increase in field resis- 
tance increases the motor’s speed, as described above in this section. For motors 
operating between no-load and full-load conditions, an increase in Re may reliably 
be expected to increase operating speed. 

Now examine Figure 9-12b. This figure shows the terminal characteristic of 
the motor over the full range from no-load to stall conditions. It is apparent from 
the figure that at very slow speeds an increase in field resistance will actually de- 
crease the speed of the motor. This effect occurs because, at very low speeds, the 
increase in armature current caused by the decrease in E, is no longer large 
enough to compensate for the decrease in flux in the induced torque equation. 
With the flux decrease actually larger than the armature current increase, the in- 
duced torque decreases, and the motor slows down. 

Some small dc motors used for control purposes actually operate at speeds 
close to stall conditions. For these motors, an increase in field resistance might have 
no effect, or it might even decrease the speed of the motor. Since the results are not 
predictable, field resistance speed control should not be used in these types of dc 
motors. Instead, the armature voltage method of speed control should be employed. 


CHANGING THE ARMATURE VOLTAGE. The second form of speed control in- 
volves changing the voltage applied to the armature of the motor without chang- 
ing the voltage applied to the field. A connection similar to that in Figure 9-13 is 
necessary for this type of control. In effect, the motor must be separately excited 
to use armature voltage control. 

If the voltage V, is increased, then the armature current in the motor must 
rise [J, = (V, T — E,)/R,]. As J, increases, the induced torque tigg = K@,7 in- 
creases, MakiNg Ting > Tioag ANd the speed w of the motor increases. 
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FIGURE 9-14 
The effect of armature voltage speed control on a shunt motor’s torque—speed characteristic. 


But as the speed w increases, the internal generated voltage E,(= Kowt) 
increases, causing the armature current to decrease. This decrease in /, decreases 
the induced torque, causing 7,,4 to equal 7,44 at a higher rotational speed w. 

To summarize the cause-and-etfect behavior in this method of speed 
control: 


1. Anincrease in V, increases J, [= (V, T — E,)/R,]. 

2. Increasing J, increases Ting (= Kobl,T). 

3. Increasing 7,,3 makes Tg > Tiong Increasing w. 

4. Increasing w increases E,(= K¢wt). 

5. Increasing E, decreases I, [= (V4 T — E,)/Ral. 

6. Decreasing J, decreases 7,,, until 7,5 = Tiogq al a higher w. 


The effect of an increase in V, on the torque—speed characteristic of a sepa- 
rately excited motor is shown in Figure 9-14. Notice that the no-load speed of the 
motor is shifted by this method of speed control, but the slope of the curve re- 
mains constant. 


INSERTING A RESISTOR IN SERIES WITH THE ARMATURE CIRCUIT. If a 
resistor is inserted in series with the armature circuit, the effect is to drastically in- 
crease the slope of the motor’s torque—speed characteristic, making it operate 
more slowly if loaded (Figure 9-15). This fact can easily be seen from Equation 
(9-7). The insertion of a resistor is a very wasteful method of speed control, since 
the losses in the inserted resistor are very large. For this reason, it is rarely used. 
It will be found only in applications in which the motor spends almost all its time 
operating at full speed or in applications too inexpensive to justify a better form 
of speed control. 

The two most common methods of shunt motor speed control—field resis- 
tance variation and armature voltage variation—have different safe ranges of 
operation. 
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FIGURE 9-15 
The effect of armature resistance speed control on a shunt motor’s torque—speed characteristic. 


In field resistance control, the lower the field current in a shunt (or sepa- 
rately excited) dc motor, the faster it turns: and the higher the field current, the 
slower it turns. Since an increase in field current causes a decrease in speed, there 
is always a minimum achievable speed by field circuit control. This minimum 
speed occurs when the motor’s field circuit has the maximum permissible current 
flowing through it. 

If a motor is operating at its rated terminal voltage, power, and field current, 
then it will be running at rated speed, also known as base speed. Field resistance 
control can control the speed of the motor for speeds above base speed but not for 
speeds below base speed. To achieve a speed slower than base speed by field cir- 
cuit control would require excessive field current, possibly burning up the field 
windings. 

In armature voltage control, the lower the armature voltage on a separately 
excited de motor, the slower it turns; and the higher the armature voltage, the 
faster it turns. Since an increase in armature voltage causes an increase in speed, 
there is always a maximum achievable speed by armature voltage control. This 
maximum speed occurs when the motor’s armature voltage reaches its maximum 
permissible level. 

If the motor is operating at its rated voltage, field current, and power, it will 
be turning at base speed. Armature voltage control can control the speed of the 
motor for speeds below base speed but not for speeds above base speed. To 
achieve a speed faster than base speed by armature voltage control would require 
excessive armature voltage, possibly damaging the armature circuit. 

These two techniques of speed control are obviously complementary. Ar- 
mature voltage control works well for speeds below base speed, and field resis- 
tance or field current control works well for speeds above base speed. By com- 
bining the two speed-control techniques in the same motor, it is possible to get a 
range of speed variations of up to 40 to I or more. Shunt and separately excited dc 
motors have excellent speed control characteristics. 
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FIGURE 9-16 
Power and torque limits as a function of speed for a shunt motor under armature volt and field 
resistance control. 


There is a significant difference in the torque and power limits on the ma- 
chine under these two types of speed control. The limiting factor in either case is 
the heating of the armature conductors, which places an upper limit on the mag- 
nitude of the armature current J,. 

For armature voltage control, the flux in the motor is constant, so the maxi- 
mum torque in the motor is 


Tmax — Ko | eee (9-14) 


This maximum torque is constant regardless of the speed of the rotation of the mo- 
tor. Since the power out of the motor is given by P = 7w, the maximum power of 
the motor at any speed under armature voltage control is 


Ponax = Trax (9-15) 


Thus the maximum power out of the motor is directly proportional to its operat- 
ing speed under armature voltage control. 

On the other hand, when field resistance control is used, the flux does 
change. In this form of control, a speed increase is caused by a decrease in the ma- 
chine’s flux. In order for the armature current limit not to be exceeded, the in- 
duced torque limit must decrease as the speed of the motor increases. Since the 
power out of the motor is given by P = 7w, and the torque limit decreases as the 
speed of the motor increases, the maximum power out of a dc motor under field 
current control is constant, while the maximum torque varies as the reciprocal of 
the motor’s speed. 

These shunt dc motor power and torque limitations for safe operation as a 
function of speed are shown in Figure 9-16. 

The following examples illustrate how to find the new speed of a dc motor 
if it is varied by field resistance or armature voltage control methods. 
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FIGURE 9-17 


(a) The shunt motor in Example 9-3. (b) The separately excited dc motor in Example 9-4. 
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Example 9-3. Figure 9-17a shows a 100-hp, 250-V, 1200 r/min shunt de motor with 
an armature resistance of 0.03 2 and a field resistance of 41.67 1. The motor has compen- 
sating windings, so armature reaction can be ignored. Mechanical and core losses may be as- 
sumed to be negligible for the purposes of this problem. The motor is assumed to be driving 
a load with a line current of 126 A and an initial speed of 1103 r/min. To simplify the prob- 


lem, assume that the amount of armature current drawn by the motor remains constant. 


(a) If the machine’s magnetization curve is shown in Figure 9-9, what is the mo- 


tor’s speed if the field resistance is raised to 50 1? 


(b) Calculate and plot the speed of this motor as a function of the field resistance Rr 


assuming a constant-current load. 


Solution 


(a) The motor has an initial line current of 126 A, so the initial armature current is 


150 V 


Therefore, the internal generated voltage is 
Ea, = Vr — f4;Rq = 250 V — (120 AX(0.03 0) 
= 246.4V 


After the field resistance is increased to 50 Q), the field current will become 
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The ratio of the internal generated voltage at one speed to the internal generated 
voltage at another speed is given by the ratio of Equation (8-41) at the two speeds: 


Eg _ K'bymy 
Ex, K’d,n, 


(9-16) 


Because the armature current is assumed constant, E,, = E,4>, and this equation 
reduces to 


A magnetization curve is a plot of E, versus /; for a given speed. Since the val- 
ues of E, on the curve are directly proportional to the flux, the ratio of the inter- 
nal generated voltages read off the curve is equal to the ratio of the fluxes within 
the machine. At Jp = 5 A, Egy = 250 V, while at Jp = 6 A, Egy = 268 V. There- 
fore, the ratio of fluxes is given by 

> _ 268V 


$, 7 250V ~ 1076 


and the new speed of the motor is 


ny = on = (1.076)(1103 r/min) = 1187 r/min 


(>) A MATLAB M- file that calculates the speed of the motor as a function of Rf is 


% 
% 
% 
% 


% 
% 


shown below. 


M-file: rf_speed_control.m 

M-file create a plot of the speed of a shunt dc 
motor as a function of field resistance, assuming 
a constant armature current (Example 9-3). 


Get the magnetization curve. This file contains the 
three variables if_value, ea_value, and n_0. 


load fig9_9.mat 


% 
. 


r 
r 
i 


32 3 dO WO WH oO 


First, initialize the values needed in this program. 


t = 250; % Terminal voltage (V) 

£ = 40:1:70; % Field resistance (ohms) 

a = 0.03; % Armature resistance (ohms) 
a = 120; % Armature currents (A) 


The approach here is to calculate the e.a0 at the 
reference field current, and then to calculate the 
e_a0 for every field current. The reference speed is 
1103 r/min, so by knowing the e_a0 and reference 
speed, we will be able to calculate the speed at the 
other field current. 
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Calculate the internal generated voltage at 1200 r/min 
for the reference field current (5 A) by interpolating 
the motor’s magnetization curve. The reference speed 
corresponding to this field current is 1103 r/min. 
_a0_ref = interp1(if_values,ea_values,5,'spline'); 
_ref = 1103; 


5S @D 0 o o of 


% Calculate the field current for each value of field 
% resistance. 
i_f = vt ./ r_f; 


% Calculate the E_a0 for each field current by 
% interpolating the motor’s magnetization curve. 
e_a0 = interp1(if_values,ea_values,i_f,'spline'); 


% Calculate the resulting speed from Equation (9-17): 
%$n2 <= (phil / phi2) * nl = (e_aO_1 / e a0_2 ) * nl 
n2 = ( e_aQ_ref ./ ead ) * n_ref; 


% Plot the speed versus r_f curve. 

plot (r_f,n2,'Color','k', 'LineWidth',2.0); 

hold on; 

xlabel('Field resistance, \Omega', 'Fontweight', 'Bold'); 

ylabel('\itn_{m} \rm\bf(r/min)', 'Fontweight','Bold'); 

title ('Speed vs \itR_{F} \rm\bf for a Shunt Dc Motor', 
'Fontweight', 'Bold'); 

axis([40 70 0 1400])); 

grid on; 

hold off; 


The resulting plot is shown in Figure 9-18. 


40 45 50 55 60 65 70 
Field resistance, Q 


FIGURE 9-18 
Plot of speed versus field resistance for the shunt de motor of Example 9-3. 
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Note that the assumption of a constant armature current as Re changes is not 
a very good one for real loads. The current in the armature will vary with speed in 
a fashion dependent on the torque required by the type of load attached to the mo- 
tor. These differences will cause a motor’s speed-versus-R; curve to be slightly 
different than the one shown in Figure 9-18, but it will have a similar shape. 


Example 9-4. The motor in Example 9-3 is now connected separately excited, as 
shown in Figure 9-17b. The motor is initially running with V4 = 250 V, 4, = 120A, and 
n = 1103 r/min, while supplying a constant-torque load. What will the speed of this motor 
be if V, is reduced to 200 V? 


Solution 
The motor has an initial line current of 120 A and an armature voltage V, of 250 V, so the 
internal generated voltage E, is 


E, = Vz — UR, = 250V — (120A)0.032) = 246.4V 


By applying Equation (9-16) and realizing that the flux @ is constant, the motor’s speed 
can be expressed as 


Ey, _ Koon, 
s=— 9-16 
Ex, K’dyn, ( ) 
el 
= - 
Ex 
m= —“n 
2 Ef 


To find £4 use Kirchhoff’s voltage law: 
Ey = Vr — lp, 
Since the torque is constant and the flux is constant, /, is constant. This yields a voltage of 
Eg = 200V — (120A\(0.03 Q) = 196.4 V 


The final speed of the motor is thus 


Ey _ 196.4V 


ny = Ew M1 = 5464 V 1103 r/min = 879 r/min 


The Effect of an Open Field Circuit 


The previous section of this chapter contained a discussion of speed control by 
varying the field resistance of a shunt motor. As the field resistance increased, the 
speed of the motor increased with it. What would happen if this effect were taken 
to the extreme, if the field resistor really increased? What would happen if the 
field circuit actually opened while the motor was running? From the previous dis- 
cussion, the flux in the machine would drop drastically, all the way down to ¢,,., 
and £,(= Ko@w) would drop with it. This would cause a really enormous increase 
in the armature current, and the resulting induced torque would be quite a bit 
higher than the load torque on the motor. Therefore, the motor’s speed starts to 
rise and just keeps going up. 
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The results of an open field circuit can be quite spectacular. When the au- 
thor was an undergraduate, his laboratory group once made a mistake of this sort. 
The group was working with a small motor-generator set being driven by a 3-hp 
shunt dc motor. The motor was connected and ready to go, but there was just one 
little mistake—when the field circuit was connected, it was fused with a 0.3-A 
fuse instead of the 3-A fuse that was supposed to be used. 

When the motor was started, it ran normally for about 3 s, and then sud- 
denly there was a flash from the fuse. Immediately, the motor’s speed skyrock- 
eted. Someone turned the main circuit breaker off within a few seconds, but by 
that time the tachometer attached to the motor had pegged at 4000 r/min. The mo- 
tor itself was only rated for 800 r/min. 

Needless to say, that experience scared everyone present very badly and 
taught them to be most careful about field circuit protection. In dc motor starting 
and protection circuits, a field loss relay is normally included to disconnect the 
motor from the line in the event of a loss of field current. 

A similar effect can occur in ordinary shunt dc motors operating with light 
fields if their armature reaction effects are severe enough. If the armature reaction 
ona dc motor is severe, an increase in load can weaken its flux enough to actually 
cause the motor’s speed to rise. However, most loads have torque—speed curves 
whose torque increases with speed, so the increased speed of the motor increases 
its load, which increases its armature reaction, weakening its flux again. The 
weaker flux causes a further increase in speed, further increasing load, etc., until 
the motor overspeeds. This condition is known as runaway. 

In motors operating with very severe load changes and duty cycles, this flux- 
weakening problem can be solved by installing compensating windings. 
Unfortunately, compensating windings are too expensive for use on ordinary run-of- 
the-mill motors. The solution to the runaway problem employed for less-expensive, 
less-severe duty motors is to provide a turn or two of cumulative compounding to 
the motor’s poles. As the load increases, the magnetomotive force from the series 
turns increases, which counteracts the demagnetizing magnetomotive force of the 
armature reaction. A shunt motor equipped with just a few series turns like this is 
called a stabilized shunt motor. 


9.5 THE PERMANENT-MAGNET DC MOTOR 


A permanent-magnet dc (PMDC) motor is a dc motor whose poles are made of 
permanent magnets. Permanent-magnet dc motors offer a number of benefits 
compared with shunt dc motors in some applications. Since these motors do not 
require an external field circuit, they do not have the field circuit copper losses as- 
sociated with shunt dc motors. Because no field windings are required, they can 
be smaller than corresponding shunt de motors. PMDC motors are especially 
common in smaller fractional- and subfractional-horsepower sizes, where the ex- 
pense and space of a separate field circuit cannot be justified. 

However, PMDC motors also have disadvantages. Permanent magnets can- 
not produce as high a flux density as an externally supplied shunt field, so a 
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(a) 


FIGURE 9-19 

(a) The magnetization curve of a typical ferromagnetic material. Note the hysteresis loop. After a 
large magnetizing intensity H is applied to the core and then removed, a residual flux density B.., 
remains behind in the core. This flux can be brought to zero if a coercive magnetizing intensity He is 
applied to the core with the opposite polarity. In this case, a relatively small value of it will 
demagnetize the core. 


PMDC motor will have a lower induced torque 7,4 per ampere of armature cur- 
rent J, than a shunt motor of the same size and construction. In addition, PMDC 
motors run the risk of demagnetization. As mentioned in Chapter 8, the armature 
current /, in adc machine produces an armature magnetic field of its own. The ar- 
mature mmf subtracts from the mmf of the poles under some portions of the pole 
faces and adds to the mmf of the poles under other portions of the pole faces (see 
Figures 8-23 and 8-25), reducing the overall net flux in the machine. This is the 
armature reaction effect. In a PMDC machine, the pole flux is just the residual 
flux in the permanent magnets. If the armature current becomes very large, there 
is some risk that the armature mmf may demagnetize the poles, permanently re- 
ducing and reorienting the residual flux in them. Demagnetization may also be 
caused by the excessive heating which can occur during prolonged periods of 
overload. 

Figure 9-19a shows a magnetization curve for a typical ferromagnetic ma- 
terial. It is a plot of flux density B versus magnetizing intensity H (or equivalently, 
a plot of flux @ versus mmf #). When a strong external magnetomotive force is 
applied to this material and then removed, a residual flux B,,, will remain in the 
material. To force the residual flux to zero, it is necessary to apply a coercive mag- 
netizing intensity He with a polarity opposite to the polarity of the magnetizing in- 
tensity H that originally established the magnetic field. For normal machine 
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FIGURE 9-19 (concluded) 
(b) The magnetization curve of a ferromagnetic material suitable for use in permanent magnets. Note 
the high residual flux density B,., and the relatively large coercive magnetizing intensity H¢. (c) The 


second quadrant of the magnetization curves of some typical magnetic materials. Note that the rare- 
earth magnets combine both a high residual flux and a high coercive magnetizing intensity. 
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applications such as rotors and stators, a ferromagnetic material should be picked 
which has as small a B,,, and He as possible, since such a material will have low 
hysteresis losses. 

On the other hand, a good material for the poles of a PMDC motor should 
have as large a residual flux density B,,. as possible, while simultaneously having 
as large a coercive magnetizing intensity He as possible. The magnetization curve 
of such a material is shown in Figure 9-19b. The large B,,, produces a large flux 
in the machine, while the large He means that a very large current would be re- 
quired to demagnetize the poles. 

In the last 40 years, a number of new magnetic materials have been devel- 
oped which have desirable characteristics for making permanent magnets. The 
major types of materials are the ceramic (ferrite) magnetic materials and the rare- 
earth magnetic materials. Figure 9—-19c shows the second quadrant of the magne- 
tization curves of some typical ceramic and rare-earth magnets, compared to the 
magnetization curve of a conventional ferromagnetic alloy (Alnico 5). It is obvi- 
ous from the comparison that the best rare-earth magnets can produce the same 
residual flux as the best conventional ferromagnetic alloys, while simultaneously 
being largely immune to demagnetization problems due to armature reaction. 

A permanent-magnet dc motor is basically the same machine as a shunt dc 
motor, except that fhe flux ofa PMDC motor is fixed. Therefore, it is not possible 
to control the speed of a PMDC motor by varying the field current or flux. The 
only methods of speed control available for a PMDC motor are armature voltage 
control and armature resistance control. 

For more information about PMDC motors, see References 4 and 10. 


9.6 THE SERIES DC MOTOR 


A series dc motor is a dc motor whose field windings consist of a relatively few 
turns connected in series with the armature circuit. The equivalent circuit of a se- 
ries dc motor is shown in Figure 9-20. In a series motor, the armature current, 
field current, and line current are all the same. The Kirchhoff’s voltage law equa- 
tion for this motor is 


V, = Ex + (Ry + Rs) (9-18) 


Induced Torque in a Series DC Motor 


The terminal characteristic of a series dc motor is very different from that of the 

shunt motor previously studied. The basic behavior of a series dc motor is due to 

the fact that the flux is directly proportional to the armature current, at least until 

saturation is reached. As the load on the motor increases, its flux increases too. As 

seen earlier, an increase in flux in the motor causes a decrease in its speed. The re- 

sult is that a series motor has a sharply drooping torque—speed characteristic. 
The induced torque in this machine is given by Equation (8-49): 


Tind Ke I, (8-49) 
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FIGURE 9-20 
The equivalent circuit of a series de motor. 


The flux in this machine is directly proportional to its armature current (at least 
until the metal saturates). Therefore, the flux in the machine can be given by 


¢=c (9-19) 


where c is a constant of proportionality. The induced torque in this machine is thus 
given by 


Ta = Kbl, = Kel? (9-20) 


In other words, the torque in the motor is proportional to the square of its arma- 
ture current. As a result of this relationship, it is easy to see that a series motor 
gives more torque per ampere than any other dc motor. It is therefore used in ap- 
plications requiring very high torques. Examples of such applications are the 
starter motors in cars, elevator motors, and tractor motors in locomotives. 


The Terminal Characteristic of a Series DC Motor 


To determine the terminal characteristic of a series dc motor, an analysis will be 
based on the assumption of a linear magnetization curve, and then the effects of 
saturation will be considered in a graphical analysis. 

The assumption of a linear magnetization curve implies that the flux in the 
motor will be given by Equation (9-19): 


@ = cl, (9-19) 


This equation will be used to derive the torque—speed characteristic curve for the 
series motor. 

The derivation of a series motor’s torque—speed characteristic starts with 
Kirchhoff’s voltage law: 


Vr = Ey + U(R,y + Rs) (9-18) 


From Equation (9-20), the armature current can be expressed as 
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_ [Find 
= Ve 
Also, E, = Kdw. Substituting these expressions in Equation (9-18) yields 
Vp = Koo + | (R, + Rs) (9-21) 


If the flux can be eliminated from this expression, it will directly relate the 
torque of a motor to its speed. To eliminate the flux from the expression, notice that 


-@ 
I, - 
and the induced torque equation can be rewritten as 


K 
Ting = © 


Therefore, the flux in the motor can be rewritten as 


= [SV (9-22) 


Substituting Equation (9-22) into Equation (9-21) and solving for speed yields 


[x 
Vy = xf V Ting @ + Fe (Ra + Rs) 


R, + Rs 


VKe VTigg@ = Vr VKc.  Tind 
Vr Rg + Rs 


o~ VKe Vina Ke 


The resulting torque—speed relationship is 


(9-23) 


Notice that for an unsaturated series motor the speed of the motor varies as the 
reciprocal of the square root of the torque. That is quite an unusual relationship! 
This ideal torque—speed characteristic is plotted in Figure 9-21. 

One disadvantage of series motors can be seen immediately from this equa- 
tion. When the torque on this motor goes to zero, its speed goes to infinity. In 
practice, the torque can never go entirely to zero because of the mechanical, core, 
and stray losses that must be overcome. However, if no other load is connected to 
the motor, it can turn fast enough to seriously damage itself. Never completely un- 
load a series motor, and never connect one to a load by a belt or other mechanism 
that could break. If that were to happen and the motor were to become unloaded 
while running, the results could be serious. 

The nonlinear analysis of a series dc motor with magnetic saturation effects, 
but ignoring armature reaction, is illustrated in Example 9-5. 
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FIGURE 9-21 
The torque—speed characteristic of a series de motor. 


Example 9-5. Figure 9-20 shows a 250-V series dc motor with compensating 
windings, and a total series resistance R, + Rs of 0.08 Q. The series field consists of 25 
turns per pole, with the magnetization curve shown in Figure 9-22. 


(a) Find the speed and induced torque of this motor for when its armature current 
is SOA. 
(b) Calculate and plot the torque—-speed characteristic for this motor. 


Solution 
(a) To analyze the behavior of a series motor with saturation, pick points along the 
operating curve and find the torque and speed for each point. Notice that the 
magnetization curve is given in units of magnetomotive force (ampere-turns) 
versus £, for a speed of 1200 r/min, so calculated E, values must be compared 
to the equivalent values at 1200 r/min to determine the actual motor speed. 
For /, = 50A, 


E, = Vr — 1(R, + Rs) = 250 V — (50A)(0.08 O) = 246V 
Since [, = I; = 50 A, the magnetomotive force is 
4 = NI = (25 turns\(50 A) = 1250 A ¢ turns 


From the magnetization curve at ¥ = 1250 A« turns, E49 = 80 V. To get the 
correct speed of the motor, remember that, from Equation (9-13), 


To find the induced torque supplied by the motor at that speed, recall that 
Progy = Eglg = Tiggto. Therefore, 
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E,l 
_ (246 V\50 A) a Wiatre a 


~ (3690 r/min)(1 min/60 s)\(27 rad) 


(b) To calculate the complete torque—speed characteristic, we must repeat the steps 
in a for many values of armature current. A MATLAB M-file that calculates the 
torque—speed characteristics of the series dc motor is shown below. Note that the 
magnetization curve used by this program works in terms of field magnetomo- 
tive force instead of effective field current. 


M-file: series_ts_curve.m 

M-file create a plot of the torque-speed curve of the 
the series dc motor with armature reaction in 
Example 9-5. 


dP oP oP dP 


% Get the magnetization curve. This file contains the 
% three variables mmf_values, ea_values, and n_0. 
load fig9_22.mat 


250 
200 


150 


TA 
AGEEEREEEE 


1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 


Internal generated voltage E74. V 


Field magnetomotive force &, A - turns 


FIGURE 9-22 
The magnetization curve of the motor in Example 9-5. This curve was taken at speed n,, = 1200 r/min. 
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% First, initialize the values needed in this program. 


v_t = 250; % Terminal voltage (V) 

r_a = 0.08; % Armature + field resistance (ohms) 
i_a = 10:10:300; % Armature (line) currents (A) 

n_s = 25; % Number of series turns on field 


% Calculate the MMF for each load 
f = n_s * i_a; 


% Calculate the internal generated voltage e_a. 
ea-=v_t - i_a* ra; 


% Calculate the resulting internal generated voltage at 
% 1200 r/min by interpolating the motor’s magnetization 
% curve. 

e a0 = interpl(mmf_values,ea_values,f,’spline’); 


% Calculate the motor’s speed from Equation (9-13). 
n= (ea ./ ead) * n_0; 


% Calculate the induced torque corresponding to each 
% speed from Equations (8-55) and (8-56). 
t_ind=ea.* iia./ (n * 2 * pi / 60); 


% Plot the torque-speed curve 

plot (t_ind,n,'Color','k', 'LineWidth',2.0); 

hold on; 

Xlabel ('\tau_{ind} (N-m)','Fontweight','Bold'); 

ylabel ('\itn_{m} \rm\bf(r/min)', 'Fontweight',"Bold'); 

title ('Series DC Motor Torque-Speed Characteristic’, 
'Fontweight','Bold'); 

axis([ 0 700 0 5000]); 

grid on; 

hold off; 


The resulting motor torque—speed characteristic is shown in Figure 9-23. Notice the 
severe overspeeding at very small torques. 


Speed Control of Series DC Motors 


Unlike with the shunt de motor, there is only one efficient way to change the 
speed of a series dc motor. That method is to change the terminal voltage of the 
motor. If the terminal voltage is increased, the first term in Equation (9-23) is in- 
creased, resulting in a higher speed for any given torque. 

The speed of series de motors can also be controlled by the insertion of a se- 
ries resistor into the motor circuit, but this technique is very wasteful of power and 
is used only for intermittent periods during the start-up of some motors. 

Until the last 40 years or so, there was no convenient way to change V;, so 
the only method of speed control available was the wasteful series resistance 
method. That has all changed today with the introduction of solid-state control 
circuits. Techniques of obtaining variable terminal voltages were discussed in 
Chapter 3 and will be considered further later in this chapter. 
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FIGURE 9-23 
The torque—speed characteristic of the series dc motor in Example 9-5. 


9.7 THE COMPOUNDED DC MOTOR 


A compounded de motor is a motor with both a shunt and a series field. Such a mo- 
tor is shown in Figure 9-24. The dots that appear on the two field coils have the 
same meaning as the dots on a transformer: Current flowing into a dot produces a 
positive magnetomotive force. If current flows into the dots on both field coils, the 
resulting magnetomotive forces add to produce a larger total magnetomotive force. 
This situation is known as cumulative compounding. If current flows into the dot on 
one field coil and out of the dot on the other field coil, the resulting magnetomotive 
forces subtract. In Figure 9-24 the round dots correspond to cumulative compound- 
ing of the motor, and the squares correspond to differential compounding. 
The Kirchhoft’s voltage law equation for a compounded dc motor is 


V> = Ey + UR, + Rs) (9-24) 
The currents in the compounded motor are related by 
L,=1,—- Ip (9-25) 
= aT (9-26) 
Rr 


The net magnetomotive force and the effective shunt field current in the com- 
pounded motor are given by 

Frict = Fry a Pop = Far (9-27) 
and 


N F 


* _ + 
fp = Ap Ne 4 Ng 
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FIGURE 9-24 
The equivalent circuit of compounded dc motors: (a) long-shunt connection: (b) short-shunt 
connection. 


where the positive sign in the equations is associated with a cumulatively com- 
pounded motor and the negative sign is associated with a differentially com- 
pounded motor. 


The Torque-Speed Characteristic of a 
Cumulatively Compounded DC Motor 


In the cumulatively compounded dc motor, there is a component of flux which is 
constant and another component which is proportional to its armature current (and 
thus to its load). Therefore, the cumulatively compounded motor has a higher 
starting torque than a shunt motor (whose flux is constant) but a lower starting 
torque than a series motor (whose entire flux is proportional to armature current). 

In a sense, the cumulatively compounded dc motor combines the best fea- 
tures of both the shunt and the series motors. Like a series motor, it has extra 
torque for starting: like a shunt motor, it does not overspeed at no load. 

At light loads, the series field has a very small effect, so the motor behaves 
approximately as a shunt dc motor. As the load gets very large, the series flux 
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FIGURE 9-25 

(a) The torque—speed characteristic of a cumulatively compounded dc motor compared to series and 
shunt motors with the same full-load rating. (b) The torque—speed characteristic of a cumulatively 
compounded de motor compared to a shunt motor with the same no-load speed. 


becomes quite important and the torque—speed curve begins to look like a series 
motor’s characteristic. A comparison of the torque—speed characteristics of each 
of these types of machines is shown in Figure 9-25. 

To determine the characteristic curve of a cumulatively compounded dc mo- 
tor by nonlinear analysis, the approach is similar to that for the shunt and series 
motors seen before. Such an analysis will be illustrated in a later example. 


The Torque—Speed Characteristic of a 
Differentially Compounded DC Motor 


In a differentially compounded dc motor, the shunt magnetomotive force and se- 
ries magnetomotive force subtract from each other. This means that as the load on 
the motor increases, J, increases and the flux in the motor decreases. But as the 
flux decreases, the speed of the motor increases. This speed increase causes an- 
other increase in load, which further increases /,, further decreasing the flux, and 
increasing the speed again. The result is that a differentially compounded motor is 
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FIGURE 9-26 
The torque-speed characteristic of a 
Tind differentially compounded de motor. 


unstable and tends to run away. This instability is much worse than that of a shunt 
motor with armature reaction. It is so bad that a differentially compounded motor 
is unsuitable for any application. 

To make matters worse, it is impossible to start such a motor. Al starting con- 
ditions the armature current and the series field current are very high. Since the se- 
ries flux subtracts from the shunt flux, the series field can actually reverse the mag- 
netic polarity of the machine’s poles. The motor will typically remain still or turn 
slowly in the wrong direction while burning up, because of the excessive armature 
current. When this type of motor is to be started, its series field must be short- 
circuited, so that it behaves as an ordinary shunt motor during the starting period. 

Because of the stability problems of the differentially compounded dc motor, 
it is almost never intentionally used. However, a differentially compounded motor 
can result if the direction of power flow reverses in a cumulatively compounded 
generator. For that reason, if cumulatively compounded dc generators are used to 
supply power to a system, they will have a reverse-power trip circuit to disconnect 
them from the line if the power flow reverses. No motor—generator set in which 
power is expected to flow in both directions can use a differentially compounded 
motor, and therefore it cannot use a cumulatively compounded generator. 

A typical terminal characteristic for a differentially compounded de motor 
is shown in Figure 9-26. 


The Nonlinear Analysis of 
Compounded DC Motors 


The determination of the torque and speed of a compounded de motor is illus- 
trated in Example 9-6. 


Example 9-6. A 100-hp, 250-V compounded dc motor with compensating wind- 
ings has an internal resistance, including the series winding, of 0.04 2. There are 1000 
turns per pole on the shunt field and 3 turns per pole on the series winding. The machine is 
shown in Figure 9-27, and its magnetization curve is shown in Figure 9-9. At no load, the 
field resistor has been adjusted to make the motor run at 1200 r/min. The core, mechanical, 
and stray losses may be neglected. 
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FIGURE 9-27 
The compounded de motor in Example 9-6. 


(a) What is the shunt field current in this machine at no load? 
(6) If the motor is cumulatively compounded, find its speed when J, = 200 A. 
(c) If the motor is differentially compounded, find its speed when J, = 200 A. 


Solution 

(a) At no load, the armature current is zero, so the internal generated voltage of the 
motor must equal V;, which means that it must be 250 V, From the magnetiza- 
tion curve, a field current of 5 A will produce a voltage E, of 250 V at 1200 
r/min. Therefore, the shunt field current must be 5 A. 

(b) When an armature current of 200 A flows in the motor, the machine’s internal 
generated voltage is 


= 250 V — (200 A)(0.04 2) = 242 V 


The effective field current of this cumulatively compounded motor is 


«7 Me, _ Gap 

p=Ip+ ela He (9-28) 
= aos = 

= 5A + 755 200A = 5.6A 


From the magnetization curve, Ey) = 262 V at speed my) = 1200 r/min. There- 
fore, the motor’s speed will be 


_ fa 
_ 242V be | ; 
= 562 1200 r/min = 1108 r/min 
(c) If the machine is differentially compounded, the effective field current is 
+ Nge Far 
fp =lp- Wp fA = We (9-28) 
=5A—-— 200A =44A 


1000 
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From the magnetization curve, Ey, = 236 V at speed ng = 1200 r/min. There- 
fore, the motor’s speed will be 
En 


a re 1200 r/min = 1230 r/min 


Notice that the speed of the cumulatively compounded motor decreases with load, while 
the speed of the differentially compounded motor increases with load. 


Speed Control in the Cumulatively 
Compounded DC Motor 


The techniques available for the control of speed in a cumulatively compounded 
dc motor are the same as those available for a shunt motor: 


1. Change the field resistance Rp. 
2. Change the armature voltage V,. 
3. Change the armature resistance R,. 


The arguments describing the effects of changing R, or V, are very similar to the 
arguments given earlier for the shunt motor. 

Theoretically, the differentially compounded de motor could be controlled 
in a similar manner. Since the differentially compounded motor is almost never 
used, that fact hardly matters. 


9.8 DC MOTOR STARTERS 


In order for a dc motor to function properly on the job, it must have some special 
control and protection equipment associated with it. The purposes of this equip- 
ment are 


1. To protect the motor against damage due to short circuits in the equipment 
2. To protect the motor against damage from long-term overloads 
3. To protect the motor against damage from excessive starting currents 


4. To provide a convenient manner in which to control the operating speed of 
the motor 


The first three functions will be discussed in this section, and the fourth function 
will be considered in Section 9.9. 


DC Motor Problems on Starting 


In order for adc motor to function properly, it must be protected from physical 
damage during the starting period. At starting conditions, the motor is not turning, 
and so E, = O V. Since the internal resistance of a normal de motor is very low 
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FIGURE 9-28 
A shunt motor with a starting resistor in series with its armature. Contacts 1A, 2A. and 3A short- 
circuit portions of the starting resistor when they close. 


compared to its size (3 to 6 percent per unit for medium-size motors), a very high 
current flows. 
Consider, for example, the 50-hp, 250-V motor in Example 9-1. This motor 
has an armature resistance R, of 0.06 O, and a full-load current less than 200 A, 
but the current on starting is 
pets 
AT R, 
20: Ves OV 
0.06 2 


This current is over 20 times the motor’s rated full-load current. It is possible for 
a motor to be severely damaged by such currents, even if they last for only a 
moment. 

A solution to the problem of excess current during starting is to insert a 
Starting resistor in series with the armature to limit the current flow until E, can 
build up to do the limiting. This resistor must not be in the circuit permanently, be- 
cause it would result in excessive losses and would cause the motor’s 
torque—speed characteristic to drop off excessively with an increase in load. 

Therefore, a resistor must be inserted into the armature circuit to limit cur- 
rent flow at starting, and it must be removed again as the speed of the motor builds 
up. In modern practice, a starting resistor is made up of a series of pieces, each of 
which is removed from the motor circuit in succession as the motor speeds up, in 
order to limit the current in the motor to a safe value while never reducing it to too 
low a value for rapid acceleration. 

Figure 9-28 shows a shunt motor with an extra starting resistor that can be 
cut out of the circuit in segments by the closing of the 1A, 2A, and 3A contacts. 
Two actions are necessary in order to make a working motor starter. The first is to 
pick the size and number of resistor segments necessary in order to limit the 
starting current to its desired bounds. The second is to design a control circuit that 


= 4167A 
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FIGURE 9-29 
A manual de motor starter. 


shuts the resistor bypass contacts at the proper time to remove those parts of the 
resistor from the circuit. 

Some older dc motor starters used a continuous starting resistor which was 
gradually cut out of the circuit by a person moving its handle (Figure 9-29). This 
type of starter had problems, as it largely depended on the person starting the mo- 
tor not to move its handle too quickly or too slowly. If the resistance were cut out 
too quickly (before the motor could speed up enough). the resulting current flow 
would be too large. On the other hand, if the resistance were cut out too slowly, the 
starting resistor could burn up. Since they depended on a person for their correct op- 
eration, these motor starters were subject to the problem of human error. They have 
almost entirely been displaced in new installations by automatic starter circuits. 

Example 9-7 illustrates the selection of the size and number of resistor seg- 
ments needed by an automatic starter circuit. The question of the timing required 
to cut the resistor segments out of the armature circuit will be examined later. 


Example 9-7. Figure 9-28 shows a 100-hp, 250-V, 350-A shunt de motor with an 
armature resistance of 0.05 11. It is desired to design a starter circuit for this motor which 
will limit the maximum starting current to twice its rated value and which will switch out 
sections of resistance as the armature current falls to its rated value. 


(a) How many stages of starting resistance will be required to limit the current to 
the range specified? 

(>) What must the value of each segment of the resistor be? At what voltage should 
each stage of the starting resistance be cut out? 


Solution 

(a) The starting resistor must be selected so that the current flow equals twice the 
rated current of the motor when it is first connected to the line. As the motor 
starts to speed up, an internal generated voltage E, will be produced in the 
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motor. Since this voltage opposes the terminal voltage of the motor, the increas- 
ing internal generated voltage decreases the current flow in the motor. When the 
current flowing in the motor falls to rated current, a section of the starting resis- 
tor must be taken out to increase the starting current back up to 200 percent of 
rated current. As the motor continues to speed up, E, continues to rise and the 
armature current continues to fall. When the current flowing in the motor falls 
to rated current again, another section of the starting resistor must be taken out. 
This process repeats until the starting resistance to be removed at a given stage 
is less than the resistance of the motor’s armature circuit. At that point, the mo- 
tor’s armature resistance will limit the current to a safe value all by itself. 

How many steps are required to accomplish the current limiting? To find out, 
define R,.. as the original resistance in the starting circuit. So R,. is the sum of 
the resistance of each stage of the starting resistor together with the resistance of 
the armature circuit of the motor: 


Ror = Ry + Ry + +++ + Ry (9-29) 


Now define &,,,; a8 the total resistance left in the starting circuit after stages 1 to 
i have been shorted out. The resistance left in the circuit after removing stages 


| through i is 
Roi = Riss + ++ + Ry (9-30) 
Note also that the initial starting resistance must be 
Vr 
Rye = Tmax 


In the first stage of the starter circuit, resistance R, must be switched out of 
the circuit when the current /, falls to 


Vr — En 
= R= Iinin 


After switching that part of the resistance out, the armature current must jump to 


Vr— Ey 
=5 =), 
A Reo. max 


Since E, (= Kdw) is directly proportional to the speed of the motor, which can- 
not change instantaneously, the quantity V;— £, must be constant at the instant 
the resistance is switched out. Therefore, 


TmigRin = Wr — Eg = Freres 
or the resistance left in the circuit after the first stage is switched out is 


Ll. 


Roa = (om Rig (9-31) 


By direct extension, the resistance left in the circuit after the nth stage is 
switched out is 


1 sti : 
Rian = ie Ror (9-32) 
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The starting process is completed when R,,,, for stage n is less than or equal to 
the internal armature resistance R, of the motor. At that point, R, can limit the 
current to the desired value all by itself. At the boundary where Ry = Rio, 


Fain . 
Ry = Rian = (2) Reo (9-33) 
R, (= i 
4A = (™ 9-34 
Rig las ee 
Solving for n yields 
_ log (Ra/Rio) 


where 7 must be rounded up to the next integer value, since it is not possible to 
have a fractional number of starting stages. If n has a fractional part, then when 
the final stage of starting resistance is removed, the armature current of the mo- 
tor will jump up to a value smaller than /,,,,. 

In this particular problem, the ratio /,5,/Imax = 9.5, and R,,, is 


Vr _ 250V _ 
Re T= 700A = 03570 


S50 


log (R4/Ri) —_ log (0.05 970.357 9) 
1 108 Unin/Imax) log (350 A/700 A) 


min‘ “max 
The number of stages required will be three. 
(b) The armature circuit will contain the armature resistor R, and three starting re- 
sistors R,, Ry, and R;. This arrangement is shown in Figure 9-28. 
At first, E, = 0 V and J, = 700A, so 


Vy 


A ROR RR oe 
Therefore, the total resistance must be 
Ry +R, + Ry + Ry = See = 0.3570 (9-36) 


This total resistance will be placed in the circuit until the current falls to 350 A. 
This occurs when 


Ex = Vr - UR = 250V — (350A)(0.357) = 125V 


When E, = 125 V, J, has fallen to 350 A and it is time to cut out the first starting 
resistor R,. When it is cut out, the current should jump back to 700 A. Therefore, 


Vr — Ex _ 250 V — 125V 
linax 700 A 


R, +R, +R; = = 0.1786 0 (9-37) 


This total resistance will be in the circuit until /, again falls to 350 A. This 
occurs when E, reaches 


Ey = Vr — Rin = 250V — (350A)(0.1786 Q) = 187.5 V 
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When E, = 187.5 V, J, has fallen to 350 A and it is time to cut out the second 
starting resistor R,. When it is cut out, the current should jump back to 700 A. 
Therefore, 


R, + Ry = 4 = OY = 0.0893 2 (9-38) 


This total resistance will be in the circuit until J, again falls to 350 A. This 
occurs when E, reaches 


Ey = Vz - Ra = 250V — (350 A)(0.0893 O) = 218.75 V 


When EF, = 218.75 V, I, has fallen to 350 A and it 1s time to cut out the third 
starting resistor R;. When it is cut out, only the internal resistance of the motor 
is left. By now, though, R, alone can limit the motor’s current to 


y, = Vr7 £a _ 250 V = 218.75 V 
7 Ry 0.05 2 


= 625A (less than allowed maximum) 


From this point on, the motor can speed up by itself. 
From Equations (9-34) to (9-36), the required resistor values can be 
calculated: 


Ry = Ry — Ra = 0.0893 2 — 0.05 O = 0.0393. 
Ry = Ra — Rs — Ry = 0.1786 2 — 0.0393 O — 0.05 2. = 0.0893 2 
Ry = Ruy — Ry — Ry— Ry = 0.357 Q — 0.1786 O — 0.0393 2 — 0.05 N = 0.1786. 


And R&,, Ro, and R3 are cut out when £, reaches 125, 187.5, and 218.75 V, 
respectively. 


DC Motor Starting Circuits 


Once the starting resistances have been selected, how can their shorting contacts 
be controlled to ensure that they shut at exactly the correct moment? Several dif- 
ferent schemes are used to accomplish this switching, and two of the most com- 
mon approaches will be examined in this section. Before that is done, though, it is 
necessary to introduce some of the components used in motor-starting circuits. 

Figure 9-30 illustrates some of the devices commonly used in motor- 
control circuits. The devices illustrated are fuses, push button switches, relays, 
time delay relays, and overloads. 

Figure 9-30a shows a symbol for a fuse. The fuses in a motor-control cir- 
cuit serve to protect the motor against the danger of short circuits. They are placed 
in the power supply lines leading to motors. If a motor develops a short circuit, the 
fuses in the line leading to it will burn out, opening the circuit before any damage 
has been done to the motor itself. 

Figure 9-30b shows spring-type push button switches. There are two basic 
types of such switches—normally open and normally shut. Normally open con- 
tacts are open when the button is resting and closed when the button has been 
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FIGURE 9-30 
(a) A fuse. (b) Normally open and normally closed push button switches. (c) Arelay coil and 
contacts. (d) A time delay relay and contacts. (e) An overload and its normally closed contacts. 


pushed, while nonnally closed contacts are closed when the button is resting and 
open when the button has been pushed. 

A relay is shown in Figure 9-30c. It consists of a main coil and a number of 
contacts. The main coil is symbolized by a circle, and the contacts are shown as par- 
allel lines. The contacts are of two types—normally open and normally closed. A 
normally open contact is one which is open when the relay is deenergized, and a 
normally closed contact is one which is closed when the relay is deenergized. When 
electric power is applied to the relay (the relay 1s energized), its contacts change 
state: The normally open contacts close, and the normally closed contacts open. 

A time delay relay is shown in Figure 9-30d. It behaves exactly like an or- 
dinary relay except that when it is energized there is an adjustable time delay be- 
fore its contacts change state. 

An overload is shown in Figure 9—30e. It consists of a heater coil and some 
normally shut contacts. The current flowing to a motor passes through the heater 
coils. If the load on a motor becomes too large, then the current flowing to the mo- 
tor will heat up the heater coils, which will cause the normally shut contacts of the 
overload to open. These contacts can in turn activate some types of motor protec- 
tion circuitry. 

One common motor-starting circuit using these components is shown in Fig- 
ure 9-31. In this circuit, a series of time delay relays shut contacts which remove 
each section of the starting resistor at approximately the correct time after power is 
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A dec motor starting circuit rising time delay relays to cut out the starting resistor. 


applied to the motor. When the start button is pushed in this circuit, the motor’s ar- 
mature circuit is connected to its power supply, and the machine starts with all re- 
sistance in the circuit. However, relay 1TD energizes at the same time as the motor 
starts, so after some delay the 1TD contacts will shut and remove part of the start- 
ing resistance from the circuit. Simultaneously, relay 2TD is energized, so after an- 
other time delay the 2TD contacts will shut and remove the second part of the tim- 
ing resistor. When the 2TD contacts shut, the 3TD relay is energized, so the process 
repeats again, and finally the motor runs at full speed with no starting resistance 
present in its circuit. If the time delays are picked properly, the starting resistors can 
be cut out at just the right times to limit the motor’s current to its design values. 
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FIGURE 9-32 


(a) Adc motor starting circuit using countervoltage-sensing relays to cut out the starting resistor. 


Another type of motor starter is shown in Figure 9-32. Here, a series of re- 
lays sense the value of E, in the motor and cut out the starting resistance as E, 
rises to preset levels. This type of starter is better than the previous one, since if 
the motor is loaded heavily and starts more slowly than normal, its armature re- 
sistance is still cut out when its current falls to the proper value. 

Notice that both starter circuits have a relay in the field circuit labeled FL. 
This is a field loss relay. If the field current is lost for any reason, the field loss 
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FIGURE 9-32 (concluded) 
(b) The armature current in a dc motor during starting. 


relay is deenergized, which turns off power to the M relay. When the M relay 
deenergizes, its normally open contacts open and disconnect the motor from the 
power supply. This relay prevents the motor from running away if its field current 
is lost. 

Notice also that there is an overload in each motor-starter circuit. If the 
power drawn from the motor becomes excessive, these overloads will heat up and 
open the OL normally shut contacts, thus turning off the M relay. When the M re- 
lay deenergizes, its normally open contacts open and disconnect the motor from 
the power supply, so the motor is protected against damage from prolonged ex- 
cessive loads. 


9.9 THE WARD-LEONARD SYSTEM AND 
SOLID-STATE SPEED CONTROLLERS 


The speed of a separately excited, shunt, or compounded dc motor can be varied 
in one of three ways: by changing the field resistance, changing the armature volt- 
age, or changing the armature resistance. Of these methods, perhaps the most use- 
ful is armature voltage control, since it permits wide speed variations without af- 
fecting the motor’s maximum torque. 

A number of motor-control systems have been developed over the years to 
take advantage of the high torques and variable speeds available from the arma- 
ture voltage control of dc motors. In the days before solid-state electronic compo- 
nents became available, it was difficult to produce a varying de voltage. In fact, 
the normal way to vary the armature voltage of a dc motor was to provide it with 
its own separate dc generator. 

An armature voltage control system of this sort is shown in Figure 9-33. 
This figure shows an ac motor serving as a prime mover for adc generator, which 
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(a) A Ward-Leonard system for dc motor speed control. (b) The circuit for producing field current in 


the de generator and de motor. 


in turn is used to supply a dc voltage to adc motor. Such a system of machines is 


called a Ward-Leonard system, and it is extremely versatile. 


In such a motor-control system, the armature voltage of the motor can be 
controlled by varying the field current of the dc generator. This armature voltage 
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FIGURE 9-34 

The operating range of a Ward-Leonard motor-control system. The motor can operate as a motor in 
either the forward (quadrant 1) or reverse (quadrant 3) direction and it can also regenerate in 
quadrants 2 and 4. 


allows the motor’s speed to be smoothly varied between a very small value and 
the base speed. The speed of the motor can be adjusted above the base speed by 
reducing the motor’s field current. With such a flexible arrangement, total motor 
speed control is possible. 

Furthermore, if the field current of the generator is reversed, then the polar- 
ity of the generator’s armature voltage will be reversed, too. This will reverse the 
motor’s direction of rotation. Therefore, it is possible to get a very wide range of 
speed variations in either direction of rotation out of a Ward-Leonard de motor- 
control system. 

Another advantage of the Ward-Leonard system is that it can “regenerate,” 
or return the machine’s energy of motion to the supply lines. If a heavy load is 
first raised and then lowered by the dc motor of a Ward-Leonard system, when the 
load is falling, the dc motor acts as a generator, supplying power back to the 
power system. In this fashion, much of the energy required to lift the load in the 
first place can be recovered, reducing the machine’s overall operating costs. 

The possible modes of operation of the de machine are shown in the 
torque—speed diagram in Figure 9-34. When this motor is rotating in its normal 
direction and supplying a torque in the direction of rotation, it is operating in the 
first quadrant of this figure. If the generator’s field current is reversed, that will re- 
verse the terminal voltage of the generator, in turn reversing the motor’s armature 
voltage. When the armature voltage reverses with the motor field current remain- 
ing unchanged, both the torque and the speed of the motor are reversed, and the 
machine is operating as a motor in the third quadrant of the diagram. If the torque 
or the speed alone of the motor reverses while the other quantity does not, then the 
machine serves as a generator, returning power to the dc power system. Because 
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FIGURE 9-35 

(a) A two-quadrant solid-state dc motor controller. Since current cannot flow out of the positive 
terminals of the armature, this motor cannot act as a generator, retuming power to the system. 
(b) The possible operating quadrants of this motor controller. 


a Ward-Leonard system permits rotation and regeneration in either direction, it is 
called a four-quadrant control system. 

The disadvantages of a Ward-Leonard system should be obvious. One is that 
the user is forced to buy three full machines of essentially equal ratings, which is 
quite expensive. Another is that three machines will be much less efficient than 
one. Because of its expense and relatively low efficiency, the Ward-Leonard sys- 
tem has been replaced in new applications by SCR-based controller circuits. 

A simple de armature voltage controller circuit is shown in Figure 9-35. 
The average voltage applied to the armature of the motor, and therefore the aver- 
age speed of the motor, depends on the fraction of the time the supply voltage is 
applied to the armature. This in turn depends on the relative phase at which the 
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FIGURE 9-36 
(a) A four-quadrant solid-state dc motor controller. (b) The possible operating quadrants of this 
motor controller. 


SCRs in the rectifier circuit are triggered. This particular circuit is only capable of 
supplying an armature voltage with one polarity, so the motor can only be re- 
versed by switching the polarity of its field connection. Notice that it is not possi- 
ble for an armature current to flow out the positive terminal of this motor, since 
current cannot flow backward through an SCR. Therefore, this motor cannot re- 
generate, and any energy supplied to the motor cannot be recovered. This type of 
control circuit is a two-quadrant controller, as shown in Figure 9—35b. 

A more advanced circuit capable of supplying an armature voltage with ei- 
ther polarity is shown in Figure 9-36. This armature voltage control circuit can 
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FIGURE 9-37 

(a) A typical solid-state shunt de motor drive. (Courtesy of MagneTek, Inc.) (b) A close-up view of 
the low-power electronics circuit board, showing the adjustments for current limits, acceleration rate, 
deceleration rate. minimum speed, and maximum speed. (Courtesy of MagneTek, Inc.) 


permit a current flow out of the positive terminals of the generator, so a motor 
with this type of controller can regenerate. If the polarity of the motor field circuit 
can be switched as well, then the solid-state circuit is a full four-quadrant con- 
troller like the Ward-Leonard system. 

A two-quadrant or a full four-quadrant controller built with SCRs is cheaper 
than the two extra complete machines needed for the Ward-Leonard system, so 
solid-state speed-control systems have largely displaced Ward-Leonard systems in 
new applications. 

A typical two-quadrant shunt dc motor drive with armature voltage speed 
control is shown in Figure 9-37, and a simplified block diagram of the drive is 
shown in Figure 9-38. This drive has a constant field voltage supplied by a three- 
phase full-wave rectifier, and a variable armature terminal voltage supplied by six 
SCRs arranged as a three-phase full-wave rectifier. The voltage supplied to the ar- 
mature of the motor is controlled by adjusting the firing angle of the SCRs in the 
bridge. Since this motor controller has a fixed field voltage and a variable arma- 
ture voltage, it is only able to control the speed of the motor at speeds less than or 
equal to the base speed (see “Changing the Armature Voltage” in Section 9.4). The 
controller circuit is identical with that shown in Figure 9-35, except that all of the 
control electronics and feedback circuits are shown. 
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Asimplified block diagram of the typical solid-state shunt de motor drive shown in Figure 9-37. (Simplified from a block diagram provided by MagneTek, Inc.) 
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The major sections of this dc motor drive include: 


A protection circuit section to protect the motor from excessive armature cur- 
rents, low terminal voltage, and loss of field current. 

A start/stop circuit to connect and disconnect the motor from the line. 

A high-power electronics section to convert three-phase ac power to dc power 
for the motor’s armature and field circuits. 

A low-power electronics section to provide firing pulses to the SCRs which 
supply the armature voltage to the motor. This section contains several major 
subsections, which will be described below. 


Protection Circuit Section 


The protection circuit section combines several different devices which together 
ensure the safe operation of the motor. Some typical safety devices included in 
this type of drive are 


1. 


Z. 


Current-limiting fuses, to disconnect the motor quickly and safely from the 
power line in the event of a short circuit within the motor. Current-limiting 
fuses can interrupt currents of up to several hundred thousand amperes. 


An instantaneous static trip, which shuts down the motor if the armature cur- 
rent exceeds 300 percent of its rated value. If the armature current exceeds 
the maximum allowed value, the trip circuit activates the fault relay, which 
deenergizes the run relay, opening the main contactors and disconnecting the 
motor from the line. 


An inverse-time overload trip, which guards against sustained overcurrent 
conditions not great enough to trigger the instantaneous static trip but large 
enough to damage the motor if allowed to continue indefinitely. The term in- 
verse time implies that the higher the overcurrent flowing in the motor, the 
faster the overload acts (Figure 9-39). For example, an inverse-time trip 
might take a full minute to trip if the current flow were 150 percent of the 
rated current of the motor, but take 10 seconds to trip if the current flow were 
200 percent of the rated current of the motor. 


An undervoltage trip, which shuts down the motor if the line voltage supply- 
ing the motor drops by more than 20 percent. 


A field loss trip, which shuts down the motor if the field circuit is lost. 


An overtemperature trip, which shuts down the motor if it is in danger of 
overheating. 


Start/Stop Circuit Section 


The start/stop circuit section contains the controls needed to start and stop the mo- 
tor by opening or closing the main contacts connecting the motor to the line. The 
motor 1s started by pushing the run button, and it is stopped either by pushing the 
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FIGURE 9-39 
An inverse-time trip characteristic. 


stop button or by energizing the fault relay. In either case, the run relay 1s deener- 
gized, and the main contacts connecting the motor to the line are opened. 


High-Power Electronics Section 


The high-power electronics section contains a three-phase full-wave diode recti- 
fier to provide a constant voltage to the field circuit of the motor and a three-phase 
full-wave SCR rectifier to provide a variable voltage to the armature circuit of the 
motor. 


Low-Power Electronics Section 


The low-power electronics section provides firing pulses to the SCRs which sup- 
ply the armature voltage to the motor. By adjusting the firing time of the SCRs, 
the low-power electronics section adjusts the motor’s average armature voltage. 
The low-power electronics section contains the following subsystems: 


1. Speed regulation circuit. This circuit measures the speed of the motor with a 
tachometer, compares that speed with the desired speed (a reference voltage 
level), and increases or decreases the armature voltage as necessary to keep the 
speed constant at the desired value. For example, suppose that the load on the 
shaft of the motor is increased. If the load is increased, then the motor will 
slow down. The decrease in speed will reduce the voltage generated by the 
tachometer, which is fed into the speed regulation circuit. Because the voltage 
level corresponding to the speed of the motor has fallen below the reference 
voltage, the speed regulator circuit will advance the firing time of the SCRs, 
producing a higher armature voltage. The higher armature voltage will tend to 
increase the speed of the motor back to the desired level (see Figure 9-40). 


DC MOTORS AND GENERATORS 59] 


Speed adjustment potentiometer 


+ 
: | Voltage =! : 
Veet ! evils Vout = K(Vret — Vrach) 
= | = 
ma) 
+ 
(Vrach & Speed) Tachometer DC motor 
(a) 
J) T t 
(b) 
FIGURE 9-40 


(a) The speed regulator circuit produces an output voltage which is proportional to the difference 
between the desired speed of the motor (set by V...) and the actual speed of the motor (measured by 
Vusch)- This output voltage is applied to the firing circuit in such a way that the larger the output 
voltage becomes, the earlier the SCRs in the drive tum on and the higher the average terminal 
voltage becomes. (b) The effect of increasing load on a shunt de motor with a speed regulator. The 
load in the motor is increased. If no regulator were present, the motor would slow down and operate 
at point 2. When the speed regulator is present, it detects the decrease in speed and boosts the 
armature voltage of the motor to compensate. This raises the whole torque—speed characteristic 
curve of the motor, resulting in operation at point 2’. 


With proper design, a circuit of this type can provide speed regulations of 
0.1 percent between no-load and full-load conditions. 

The desired operating speed of the motor is controlled by changing the ref- 
erence voltage level. The reference voltage level can be adjusted with a small 
potentiometer, as shown in Figure 9-40. 
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2. Current-limiting circuit. This circuit measures the steady-state current flow- 
ing to the motor, compares that current with the desired maximum current 
(set by a reference voltage level), and decreases the armature voltage as nec- 
essary to keep the current from exceeding the desired maximum value. The 
desired maximum current can be adjusted over a wide range, say from 0 to 
200 percent or more of the motor’s rated current. This current limit should 
typically be set at greater than rated current, so that the motor can accelerate 
under full-load conditions. 

3. Acceleration/deceleration circuit. This circuit limits the acceleration and de- 
celeration of the motor to a safe value. Whenever a dramatic speed change is 
commanded, this circuit intervenes to ensure that the transition from the orig- 
inal speed to the new speed is smooth and does not cause an excessive arma- 
ture current transient in the motor. 


The acceleration/deceleration circuit completely eliminates the need for a 
starting resistor, since starting the motor is just another kind of large speed 
change, and the acceleration/deceleration circuit acts to cause a smooth increase 
in speed over time. This gradual smooth increase in speed limits the current flow- 
ing in the machine’s armature to a safe value. 


9.10 DC MOTOR EFFICIENCY 
CALCULATIONS 


To calculate the efficiency of a dc motor, the following losses must be determined: 


1. Copper losses 

2. Brush drop losses 
3. Mechanical losses 
4. Core losses 

5. Stray losses 


The copper losses in the motor are the /°R losses in the armature and field 
circuits of the motor. These losses can be found from a knowledge of the currents 
in the machine and the two resistances. To determine the resistance of the arma- 
ture circuit in a machine, block its rotor so that it cannot turn and apply a smal? dc 
voltage to the armature terminals. Adjust that voltage until the current flowing in 
the armature is equal to the rated armature current of the machine. The ratio of the 
applied voltage to the resulting armature current flow is R,. The reason that the 
current should be about equal to full-load value when this test is done is that Ry 
varies with temperature, and at the full-load value of the current, the armature 
windings will be near their normal operating temperature. 

The resulting resistance will not be entirely accurate, because 


1. The cooling that normally occurs when the motor is spinning will not be 
present. 
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2. Since there is an ac voltage in the rotor conductors during normal operation, 
they suffer from some amount of skin effect, which further raises armature 
resistance. 


IEEE Standard 113 (Reference 5) deals with test procedures for dc machines. It 
gives a more accurate procedure for determining Ry, which can be used if needed. 

The field resistance is determined by supplying the full-rated field voltage 
to the field circuit and measuring the resulting field current. The field resistance 
R- is just the ratio of the field voltage to the field current. 

Brush drop losses are often approximately lumped together with copper 
losses. If they are treated separately, they can be determined from a plot of contact 
potential versus current for the particular type of brush being used. The brush drop 
losses are just the product of the brush voltage drop Vgp and the armature current J,. 

The core and mechanical losses are usually determined together. If a motor 
is allowed to turn freely at no load and at rated speed, then there is no output power 
from the machine. Since the motor is at no load, J, is very small and the armature 
copper losses are negligible. Therefore, if the field copper losses are subtracted 
from the input power of the motor, the remaining input power must consist of the 
mechanical and core losses of the machine at that speed. These losses are called the 
no-load rotational losses of the motor. As long as the motor’s speed remains nearly 
the same as it was when the losses were measured, the no-load rotational losses are 
a good estimate of mechanical and core losses under load in the machine. 

An example of the determination of a motor’s efficiency is given below. 


Example 9-8. A 50-hp, 250-V, 1200 r/min shunt de motor has a rated armature 
current of 170 A and a rated field current of 5 A. When its rotor is blocked, an armature 
voltage of 10.2 V (exclusive of brushes) produces 170 A of current flow, and a field volt- 
age of 250 V produces a field current flow of 5 A. The brush voltage drop is assumed to be 
2 V. At no load with the terminal voltage equal to 240 V, the armature current is equal to 
13.2 A, the field current is 4.8 A, and the motor’s speed is 1150 r/min. 


(a) How much power is output from this motor at rated conditions? 
(b) What is the motor’s efficiency? 


Solution 
The armature resistance of this machine is approximately 


R, = B2¥ = 006.0 
and the field resistance is 
Rp = 220¥ = son 


Therefore, at full load the armature /?R losses are 
P, = (170 A)*(0.06 22) = 1734 W 


and the field circuit /2R losses are 
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Pr = (5 A¥(50 ©) = 1250 W 
The brush losses at full load are given by 
Pyash = Vapi, = (2 V)(170 A) = 340 W 


The rotational losses at full load are essentially equivalent to the rotational losses at no 
load, since the no-load and full-load speeds of the motor do not differ too greatly. These 
losses may be ascertained by determining the input power to the armature circuit at no load 
and assuming that the armature copper and brush drop losses are negligible, meaning that 
the no-load armature input power is equal to the rotational losses: 


Pro = Pooe + Pmech = (240 V\13.2 A) = 3168 W 
(a) The input power of this motor at the rated load is given by 
Pi, = Vri, = (250 V)(175 A) = 43,750 W 
Its output power is given by 
Pg Pig Ppa Leg oF ee Fut — Fig 
43,750 W — 340 W — 1734 W — 1250 W — 3168 W — (0.01)(43,750 W) 
36,820 W 


where the stray losses are taken to be | percent of the input power. 
(b) The efficiency of this motor at full load is 


P 
1 =p x 100% 


out 


_ 36,820 W 


= 43.750 W * 100% = 84.2% 


9.11 INTRODUCTION TO DC GENERATORS 


DC generators are dc machines used as generators. As previously pointed out, 
there is no real difference between a generator and a motor except for the direc- 
tion of power flow. There are five major types of de generators, classified accord- 
ing to the manner in which their field flux is produced: 

1. Separately excited generator. In a separately excited generator, the field flux 
is derived from a separate power source independent of the generator itself. 
2. Shunt generator. In a shunt generator, the field flux is derived by connecting 

the field circuit directly across the terminals of the generator. 


3. Series generator. In a series generator, the field flux is produced by connect- 
ing the field circuit in series with the armature of the generator. 

4. Cumulatively compounded generator. In a cumulatively compounded gener- 
ator, both a shunt and a series field are present, and their effects are additive. 

5. Differentially compounded generator. In a differentially compounded genera- 
tor, both a shunt and a series field are present, but their effects are subtractive. 


These various types of dc generators differ in their terminal (voltage—current) 
characteristics, and therefore in the applications to which they are suited. 
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FIGURE 9-41 

The first practical dc generator. This 
is an exact duplicate of the “long- 
legged Mary Ann,” Thomas Edison’s 
first commercial de generator, which 
was built in 1879. It was rated at 5 
kW, 100 V, and 1200 r/min. (Courtesy 
of General Electric Company.) 


DC generators are compared by their voltages, power ratings, efficiencies, 
and voltage regulations. Voltage regulation (VR) is defined by the equation 


Yo — Va 
VR =—{,—_ x 100% (9-39) 
Va 
where V,, is the no-load terminal voltage of the generator and Vp is the full-load ter- 
minal voltage of the generator. It is a rough measure of the shape of the generator’s 
voltage—current characteristic—a positive voltage regulation means a drooping 
characteristic, and a negative voltage regulation means a rising characteristic. 

All generators are driven by a source of mechanical power, which is usually 
called the prime mover of the generator. A prime mover for a dc generator may be 
a steam turbine, a diesel engine, or even an electric motor. Since the speed of the 
prime mover affects the output voltage of a generator, and since prime movers can 
vary Widely in their speed characteristics, it is customary to compare the voltage 
regulation and output characteristics of different generators, assuming constant- 
speed prime movers. Throughout this chapter, a generator’s speed will be assumed 
to be constant unless a specific statement is made to the contrary. 

DC generators are quite rare in modern power systems. Even dc power sys- 
tems such as those in automobiles now use ac generators plus rectifiers to produce 
dc power. 

The equivalent circuit of a de generator is shown in Figure 9-42, and a sim- 
plified version of the equivalent circuit is shown in Figure 9-43. They look simi- 
lar to the equivalent circuits of a dc motor, except that the direction of current flow 
and the brush loss are reversed. 
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FIGURE 9-42 
The equivalent circuit of a de generator. 
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FIGURE 9-43 
A simplified equivalent circuit of a dc generator, with R; combining the resistances of the field coils 
and the variable control resistor. 


9.12 THE SEPARATELY 
EXCITED GENERATOR 


A separately excited dc generator is a generator whose field current is supplied by 
a separate external dc voltage source. The equivalent circuit of such a machine is 
shown in Figure 9-44. In this circuit, the voltage V; represents the actual voltage 
measured at the terminals of the generator, and the current J; represents the cur- 
rent flowing in the lines connected to the terminals. The internal generated volt- 
age is £,, and the armature current is J,. It is clear that the armature current is 
equal to the line current in a separately excited generator: 


h=k (9-40) 


The Terminal Characteristic of a Separately 
Excited DC Generator 


The terminal characteristic of a device is a plot of the output quantities of the de- 
vice versus each other. For a de generator, the output quantities are its terminal volt- 
age and line current. The terminal characteristic of a separately excited generator is 
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FIGURE 9-44 
A separately excited dc generator. 


thus a plot of V; versus /,; for a constant speed w. By Kirchhoff’s voltage law, the 
terminal voltage is 


Vr = Ey — [4R, (9-41) 


Since the internal generated voltage is independent of Z,, the terminal characteris- 
tic of the separately excited generator is a straight line, as shown in Figure 9-45a. 

What happens in a generator of this sort when the load is increased? When 
the load supplied by the generator is increased, J, (and therefore /,) increases. As 
the armature current increases, the /,R, drop increases, so the terminal voltage of 
the generator falls. 

This terminal characteristic is not always entirely accurate. In generators 
without compensating windings, an increase in J, causes an increase in armature 
reaction, and armature reaction causes flux weakening. This flux weakening 
causes a decrease in E, = K®étw which further decreases the terminal voltage of 
the generator. The resulting terminal characteristic is shown in Figure 9-45b. In 
all future plots, the generators will be assumed to have compensating windings 
unless stated otherwise. However, it is important to realize that armature reaction 
can modify the characteristics if compensating windings are not present. 


Control of Terminal Voltage 


The terminal voltage of a separately excited de generator can be controlled by 
changing the internal generated voltage E, of the machine. By Kirchhoff’s volt- 
age law V,; = E, — 1,R,, so if E, increases, V; will increase, and if E, decreases, 
V, will decrease. Since the internal generated voltage E, is given by the equation 
E, = Kdw, there are two possible ways to control the voltage of this generator: 


1. Change the speed of rotation. If w increases, then E, = Kd@wt increases, so 
V, = E,t — 1,R, increases too. 
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FIGURE 9-45 
The terminal characteristic of a 
separately excited dc generator (a) with 
I, and (b) without compensating 
{b) windings. 


2. Change the field current. If Rp is decreased, then the field current increases 
(I, = V;/R-\). Therefore, the flux @ in the machine increases. As the flux 
rises, E, = KdéTw must rise too, so Vz = E,T —1,R, increases. 


In many applications, the speed range of the prime mover is quite limited, 
so the terminal voltage 1s most commonly controlled by changing the field cur- 
rent. A separately excited generator driving a resistive load is shown in Figure 
9-46a. Figure 9-46b shows the effect of a decrease in field resistance on the ter- 
minal voltage of the generator when it is operating under a load. 


Nonlinear Analysis of a Separately Excited 
DC Generator 


Because the internal generated voltage of a generator is a nonlinear function of its 
magnetomotive force, it is not possible to calculate simply the value of E, to be 
expected from a given field current. The magnetization curve of the generator 
must be used to accurately calculate its output voltage for a given input voltage. 

In addition, if a machine has armature reaction, its flux will be reduced with 
each increase in load, causing E, to decrease. The only way to accurately deter- 
mine the output voltage in a machine with armature reaction is to use graphical 
analysis. 

The total magnetomotive force in a separately excited generator is the field 
circuit magnetomotive force less the magnetomotive force due to armature reac- 
tion (AR): 
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(a) 


FIGURE 9-46 
(a) A separately excited dc generator with a resistive load. (b) The effect of a decrease in field 
resistance on the output voltage of the generator. 


Fret = Nel r ond F ar (9-42) 


As with dc motors, it is customary to define an equivalent field current that would 
produce the same output voltage as the combination of all the magnetomotive 
forces in the machine. The resulting voltage E49 can then be determined by locat- 
ing that equivalent field current on the magnetization curve. The equivalent field 
current of a separately excited dc generator is given by 
Far 
Also, the difference between the speed of the magnetization curve and the 
real speed of the generator must be taken into account using Equation (9-13): 
EF, _ on 
Eig ay (9-13) 
The following example illustrates the analysis of a separately excited dc 
generator. 
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Vp=430V 


Nr = 1000 turns 


FIGURE 9-47 
The separately excited de generator in Example 9-9. 


Example 9-9. A separately excited dc generator is rated at 172 kW, 430 V, 400 A, 
and 1800 r/min. It is shown in Figure 9-47, and its magnetization curve is shown in Fig- 
ure 9-48, This machine has the following characteristics: 


R, = 0.05 2 Vp = 430V 
Rp = 200 Nz = 1000 turns per pole 
Ryy = 0 to 300.2 


(a) If the variable resistor Rag in this generator’s field circuit is adjusted to 63 0 and 
the generator’s prime mover is driving it at 1600 r/min, what is this generator’s 
no-load terminal voltage? 

(b} What would its voltage be if a 360-A load were connected to its terminals? As- 
sume that the generator has compensating windings. 

(c) What would its voltage be if a 360-A load were connected to its terminals but 
the generator does not have compensating windings? Assume that its armature 
reaction at this load is 450 A« turns. 

(ad) What adjustment could be made to the generator to restore its terminal voltage 
to the value found in part a? 

(e) How much field current would be needed to restore the terminal voltage to its 
no-load value? (Assume that the machine has compensating windings.) What is 
the required value for the resistor R,4, to accomplish this? 


Solution 
(a) If the generator’s total field circuit resistance is 


then the field current in the machine is 


From the machine’s magnetization curve, this much current would produce a 
voltage E,) = 430 V at a speed of 1800 r/min. Since this generator is actually 
turning at 2,, = 1600 r/min, its internal generated voltage E, will be 


SS (9-13) 


Internal generated voltage E,, V 
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Note: When the field current is zero, E4 is about 3 V. 


FIGURE 9-48 
The magnetization curve for the generator in Example 9-9. 


_ 1600 r/min 


Ea 


Since V; = E, at no-load conditions, the output voltage of the generator is V; = 
382 V. 

(6) If a 360-A load were connected to this generator’s terminals, the terminal volt- 
age of the generator would be 


Vr = Ey — 14R, = 382V — (360 AX(0.05 1) = 364 V 


(c) If a 360-A load were connected to this generator’s terminals and the generator 
had 450 A « turns of armature reaction, the effective field current would be 


F, . 
Poi S594" turns 


Ne 1000 turns ~ 7° A 
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From the magnetization curve, E,) = 410 V, so the internal generated voltage at 


1600 r/min would be 
E, n 
= =— 9-13 
Exo No ( ) 
_ 1600 r/min _ 
En = 1800 vimin 41° V = 364-V 


Therefore, the terminal voltage of the generator would be 
V, = Ey — UR, = 364 V — (360A)(0.05 21) = 346 V 


It is lower than before due to the armature reaction. 

(d) The voltage at the terminals of the generator has fallen, so to restore it to its 
original value, the voltage of the generator must be increased. This requires an 
increase in E,, which implies that &,4, must be decreased to increase the field 
current of the generator. 

(e) For the terminal voltage to go back up to 382 V, the required value of Ey is 


Ex = Vr + LR, = 382 V + (360A)0.05 2) = 400 V 


To get a voltage E, of 400 V at x, = 1600 r/min, the equivalent voltage at 
1800 r/min would be 


Ea n 

ae ees 9-13 

Exo ( ) 
_ 1800 r/min _ 

Egg = 1600 r/min 422 V = 450 V 


From the magnetization curve, this voltage would require a field current of J, = 
6.15 A. The field circuit resistance would have to be 


v 
Rp + Rygj =e 
20 + Ry = BOY = o.90 


Rg = 49.90 ~ 500 


Notice that, for the same field current and load current, the generator with 
armature reaction had a lower output voltage than the generator without armature 
reaction. The armature reaction in this generator is exaggerated to illustrate its ef- 
fects—it is a good deal smaller in well-designed modern machines. 


9.13 THE SHUNT DC GENERATOR 


A shunt de generator is a de generator that supplies its own field current by hav- 
ing its field connected directly across the terminals of the machine. The equiva- 
lent circuit of a shunt de generator is shown in Figure 9-49. In this circuit, the ar- 
mature current of the machine supplies both the field circuit and the load attached 
to the machine: 


Looelpth, (9-44) 
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FIGURE 9-49 
The equivalent circuit of a shunt de 
generator. 


The Kirchhoff’s voltage law equation for the armature circuit of this machine is 
Vp = E, — [Ra (9-45) 


This type of generator has a distinct advantage over the separately excited 
de generator in that no external power supply is required for the field circuit. But 
that leaves an important question unanswered: If the generator supplies its own 
field current, how does it get the initial field flux to start when it is first turned on? 


Voltage Buildup in a Shunt Generator 


Assume that the generator in Figure 9-49 has no load connected to it and that the 
prime mover starts to turn the shaft of the generator. How does an initial voltage 
appear at the terminals of the machine? 

The voltage buildup in a de generator depends on the presence of a residual 
flux in the poles of the generator. When a generator first starts to turn, an internal 
voltage will be generated which is given by 


Ex = K@ jes 


This voltage appears at the terminals of the generator (it may only be a volt or 
two). But when that voltage appears at the terminals, it causes a current to flow in 
the generator’s field coil 7; = V;1/R,). This field current produces a magneto- 
motive force in the poles, which increases the flux in them. The increase in flux 
causes an increase in E, = Ko Tw, which increases the terminal voltage V;. When 
V, rises, Ip increases further, increasing the flux @ more, which increases Ey, etc. 

This voltage buildup behavior is shown in Figure 9-50. Notice that it is the 
effect of magnetic saturation in the pole faces which eventually limits the termi- 
nal voltage of the generator. 
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FIGURE 9-50 
Voltage buildup on starting in a shunt de generator. 


Figure 9-50 shows the voltage buildup as though it occurred in discrete 


steps. These steps are drawn in to make obvious the positive feedback between the 
generator’s internal voltage and its field current. In a real generator, the voltage 
does not build up in discrete steps: Instead both E, and /; increase simultaneously 
until steady-state conditions are reached. 


What if a shunt generator is started and no voltage builds up? What could be 


wrong? There are several possible causes for the voltage to fail to build up during 
starting. Among them are 


1. 


There may be no residual magnetic fiux in the generator to start the process 
going. If the residual flux ¢,,., = 0, then E, = 0, and the voltage never builds 
up. If this problem occurs, disconnect the field from the armature circuit and 
connect it directly to an external de source such as a battery. The current flow 
from this external dc source will leave a residual flux in the poles, which will 
then allow normal starting. This procedure is known as “flashing the field.” 


The direction of rotation of the generator may have been reversed, or the con- 
nections of the field may have been reversed. In either case, the residual flux 
produces an internal generated voltage E,. The voltage £, produces a field 
current which produces a flux opposing the residual flux, instead of adding to 
it. Under these circumstances, the flux actually decreases below ¢,,, and no 
voltage can ever build up. 

If this problem occurs, it can be fixed by reversing the direction of rota- 
tion, by reversing the field connections, or by flashing the field with the op- 
posite magnetic polarity. 
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FIGURE 9-51 
The effect of shunt field resistance on no-load terminal voltage in a de generator. If R;- > R; (the 
critical resistance), then the generator’s voltage will never build up. 


3. The field resistance may be adjusted to a value greater than the critical re- 
sistance. To understand this problem, refer to Figure 9-51. Normally, the 
shunt generator will build up to the point where the magnetization curve in- 
tersects the field resistance line. If the field resistance has the value shown at 
R, in the figure, its line is nearly parallel to the magnetization curve. At that 
point, the voltage of the generator can fluctuate very widely with only tiny 
changes in R; or J,. This value of the resistance is called the critical resis- 
tance. If Rp exceeds the critical resistance (as at R,; in the figure), then the 
steady-state operating voltage is essentially at the residual level, and it never 
builds up. The solution to this problem is to reduce Rr. 


Since the voltage of the magnetization curve varies as a function of shaft 
speed, the critical resistance also varies with speed. In general, the lower the shaft 
speed, the lower the critical resistance. 


The Terminal Characteristic of a 
Shunt DC Generator 


The terminal characteristic of a shunt de generator differs from that of a separately 
excited dc generator, because the amount of field current in the machine depends 
on its terminal voltage. To understand the terminal characteristic of a shunt gen- 
erator, start with the machine unloaded and add loads, observing what happens. 
As the load on the generator is increased, J, increases and so J, = Ip + 1, T 
also increases. An increase in /, increases the armature resistance voltage drop 
1,R,, causing V7 = E, — 1, T R, to decrease. This is precisely the same behavior 
observed in a separately excited generator. However, when V; decreases, the field 
current in the machine decreases with it. This causes the flux in the machine to 
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FIGURE 9-52 
The terminal characteristic of a shunt dc generator. 


decrease, decreasing E,. Decreasing £, causes a further decrease in the terminal 
voltage V; = E,d — 1,R,. The resulting terminal characteristic is shown in Figure 
9-52. Notice that the voltage drop-off is steeper than just the 7,8, drop in a sepa- 
rately excited generator. In other words, the voltage regulation of this generator is 
worse than the voltage regulation of the same piece of equipment connected sep- 
arately excited. 


Voltage Control for a Shunt DC Generator 


As with the separately excited generator, there are two ways to control the voltage 
of a shunt generator: 


1. Change the shaft speed w,, of the generator. 
2. Change the field resistor of the generator, thus changing the field current. 


Changing the field resistor is the principal method used to control terminal 
voltage in real shunt generators. If the field resistor Re is decreased, then the field 
current J; = V;/R;J increases. When /; increases, the machine’s flux @ increases, 
causing the internal generated voltage E, to increase. The increase in E, causes 
the terminal voltage of the generator to increase as well. 


The Analysis of Shunt DC Generators 


The analysis of a shunt de generator is somewhat more complicated than the 
analysis of a separately excited generator, because the field current in the machine 
depends directly on the machine’s own output voltage. First the analysis of shunt 
generators is studied for machines with no armature reaction, and afterward the 
effects are armature reaction are included. 
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Vr versus I 


FIGURE 9-53 
Graphical analysis of a shunt de generator with compensating windings. 


Figure 9-53 shows a magnetization curve for a shunt de generator drawn at 
the actual operating speed of the machine. The field resistance R;, which is just 
equal to Vp/I,, is shown by a straight line laid over the magnetization curve. At ne 
load, V; = E, and the generator operates at the voltage where the magnetization 
curve intersects the field resistance line. 

The key to understanding the graphical analysis of shunt generators is to re- 
member Kirchhoff’s voltage law (KVL): 


or E, _- Vr = LR, (9-46) 


The difference between the internal generated voltage and the terminal voltage is 
just the J,R, drop in the machine. The line of all possible values of £, is the mag- 
netization curve, and the line of all possible terminal voltages is the resistor line 
(J, = V,/R,). Therefore, to find the terminal voltage for a given load, just deter- 
mine the J,R, drop and locate the place on the graph where that drop fits exactly 
between the £, line and the V; line. There are at most two places on the curve 
where the /,R, drop will fit exactly. If there are two possible positions, the one 
nearer the no-load voltage will represent a normal operating point. 

A detailed plot showing several different points on a shunt generator’s char- 
acteristic is shown in Figure 9-54, Note the dashed line in Figure 9-54b. This line 
is the terminal characteristic when the load is being reduced. The reason that it 
does not coincide with the line of increasing load is the hysteresis in the stator 
poles of the generator. 
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FIGURE 9-54 
Graphical derivation of the terminal characteristic of a shunt de generator. 


If armature reaction is present in a shunt generator, this process becomes a 
little more complicated. The armature reaction produces a demagnetizing magne- 
tomotive force in the generator at the same time that the J,R, drop occurs in the 
machine. 

To analyze a generator with armature reaction present, assume that its ar- 
mature current is known. Then the resistive voltage drop 1,8, is known, and the 
demagnetizing magnetomotive force of the armature current is known. The termi- 
nal voltage of this generator must be large enough to supply the generator’s flux 
after the demagnetizing effects of armature reaction have been subtracted. To 
meet this requirement both the armature reaction magnetomotive force and the 
1,R, drop must fit between the E, line and the V; line. To determine the output 
voltage for a given magnetomotive force, simply locate the place under the mag- 
netization curve where the triangle formed by the armature reaction and /,R, ef- 
fects exactly fits between the line of possible V; values and the line of possible E, 
values (see Figure 9-55). 


9.14 THE SERIES DC GENERATOR 


A series dc generator is a generator whose field is connected in series with its ar- 
mature. Since the armature has a much higher current than a shunt field, the series 
field in a generator of this sort will have only a very few turns of wire, and the 
wire used will be much thicker than the wire in a shunt field. Because magneto- 
motive force is given by the equation ¥ = NI, exactly the same magnetomotive 
force can be produced from a few turns with high current as can be produced from 
many turns with low current. Since the full-load current flows through it. a series 
field is designed to have the lowest possible resistance. The equivalent circuit of 
a series dc generator is shown in Figure 9—56. Here, the armature current, field 
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current, and line current all have the same value. The Kirchhoff’s voltage law 
equation for this machine is 


V, = E, — LR, + Rs) (9-47) 


The Terminal Characteristic of a Series Generator 


The magnetization curve of a series dc generator looks very much like the magne- 
tization curve of any other generator. At no load. however, there is no field current, 
so V; is reduced to a small level given by the residual flux in the machine. As the 
load increases, the field current rises, so £, rises rapidly. The 1,(R, + Rs) drop goes 
up too, but at first the increase in E, goes up more rapidly than the [,(R, + Rs) drop 
rises, so V; increases. After a while, the machine approaches saturation, and E, 
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FIGURE 9-57 
Derivation of the terminal characteristic for a series dc generator. 
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FIGURE 9-58 
Aseries generator terminal characteristic with large armature reaction effects, suitable for electric 
welders. 


becomes almost constant. At that point, the resistive drop is the predominant effect, 
and V; starts to fall. 

This type of characteristic is shown in Figure 9-57. It is obvious that this 
machine would make a bad constant-voltage source. In fact, its voltage regulation 
is a large negative number. 

Series generators are used only in a few specialized applications, where the 
steep voltage characteristic of the device can be exploited. One such application 
is arc welding. Series generators used in arc welding are deliberately designed to 
have a large armature reaction, which gives them a terminal characteristic like the 
one shown in Figure 9-58. Notice that when the welding electrodes make contact 
with each other before welding commences, a very large current flows. As the op- 
erator separates the welding electrodes, there is a very steep rise in the generator’s 
voltage, while the current remains high. This voltage ensures that a welding arc is 
maintained through the air between the electrodes. 
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FIGURE 9-59 
The equivalent circuit of a cumulatively compounded dc generator with a long-shunt connection. 


9.15 THE CUMULATIVELY COMPOUNDED 
DC GENERATOR 


A cumulatively compounded dc generator is a de generator with Doth series and 
Shunt fields, connected so that the magnetomotive forces from the two fields are 
additive. Figure 9-59 shows the equivalent circuit of a cumulatively compounded 
de generator in the “long-shunt” connection. The dots that appear on the two field 
coils have the same meaning as the dots on a transformer: Current flowing into a 
dot produces a positive magnetomotive force. Notice that the armature current 
flows into the dotted end of the series field coil and that the shunt current J, flows 
into the dotted end of the shunt field coil. Therefore, the total magnetomotive 
force on this machine is given by 


Fin = Prt Foun — Fap (9-48) 


where #, is the shunt field magnetomotive force, #gp is the series field magneto- 
motive force, and #,p is the armature reaction magnetomotive force. The equiva- 
lent effective shunt field current for this machine is given by 


Nplp = Nelle + Nepl, — Far 


* Nse Fan 
1p Hd; +5 dp ‘9-49 
ee Pe ae (9-49) 


The other voltage and current relationships for this generator are 


ioe paar (9-50) 


Vr = Ey a 1,(R, + Rs) (9-51) 
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FIGURE 9-60 
The equivalent circuit of a cumulatively compounded dc generator with a short-shunt connection. 


Ip=>" (9-52) 


There is another way to hook up a cumulatively compounded generator. It 
is the “short-shunt” connection, where the series field is outside the shunt field 
circuit and has current J; flowing through it instead of /,. A short-shunt cumula- 
tively compounded dc generator is shown in Figure 9-60. 


The Terminal Characteristic of a Cumulatively 
Compounded DC Generator 


To understand the terminal characteristic of a cumulatively compounded de gen- 
erator, it is necessary to understand the competing effects that occur within the 
machine. 

Suppose that the load on the generator is increased. Then as the load in- 
creases, the load current J, increases. Since J, = J, + 7,7, the armature current J, 
increases too. At this point two effects occur in the generator: 


1. As J, increases, the 1,(R, + Rs) voltage drop increases as well. This tends to 
cause a decrease in the terminal voltage V; = E, —I, T (Ra + Rs). 


2. As J, increases, the series field magnetomotive force ¥o_ = Neel, increases 
too. This increases the total magnetomotive force F¥,,, = Nele + Nsz i,t 
which increases the flux in the generator. The increased flux in the generator 
increases E,, which in turn tends to make Vr = Ey, T—- 1,UR4 + Rs) rise. 


These two effects oppose each other, with one tending to increase V7 and 
the other tending to decrease V;. Which effect predominates in a given machine? 
It all depends on just how many series turns were placed on the poles of the ma- 
chine. The question can be answered by taking several individual cases: 


1. Few series turns (Ns small). If there are only a few series turns, the resistive 
voltage drop effect wins hands down. The voltage falls off just as in a shunt 
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FIGURE 9-61 
Terminal characteristics of cumulatively compounded de generators. 


generator, but not quite as steeply (Figure 9-61). This type of construction, 
where the full-load terminal voltage is less than the no-load terminal voltage, 
is called undercompounded. 


More series turns (Ngz larger). If there are a few more series turns of wire on 
the poles, then at first the flux-strengthening effect wins, and the terminal 
voltage rises with the load. However, as the load continues to increase, mag- 
netic saturation sets in, and the resistive drop becomes stronger than the flux 
increase effect. In such a machine, the terminal voltage first rises and then 
falls as the load increases. If Vz at no load is equal to Vz at full load, the gen- 
erator is called flat-compounded. 


Even more series turns are added (Ngz large). If even more series turns are 
added to the generator, the flux-strengthening effect predominates for a 
longer time before the resistive drop takes over. The result is a characteristic 
with the full-load terminal voltage actually higher than the no-load terminal 
voltage. If Vz at a full load exceeds Vz at no load, the generator is called over- 
compounded. 


All these possibilities are illustrated in Figure 9-61. 
It is also possible to realize all these voltage characteristics in a single gen- 


erator if a diverter resistor is used. Figure 9-62 shows a cumulatively com- 
pounded dc generator with a relatively large number of series turns Ngg. A diverter 
resistor is connected around the series field. If the resistor Ry, is adjusted to a 
large value, most of the armature current flows through the series field coil, and 
the generator is overcompounded. On the other hand, if the resistor Rg,, 1s adjusted 
to a small value, most of the current flows around the series field through Rg, and 
the generator is undercompounded. It can be smoothly adjusted with the resistor 
to have any desired amount of compounding. 
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FIGURE 9-62 
A cumulatively compounded de generator with a series diverter resistor. 


Voltage Control] of Cumulatively Compounded 
DC Generators 


The techniques available for controlling the terminal voltage of a cumulatively 
compounded dc generator are exactly the same as the techniques for controlling 
the voltage of a shunt de generator: 


1. Change the speed of rotation. An increase in w causes E, = Kot to in- 
crease, increasing the terminal voltage Vp = E, T—J4(R,4 + Rs). 

2. Change the field current. A decrease in Rp causes Ip = V-/Rp to increase, 
which increases the total magnetomotive force in the generator. As F,., 
increases, the flux @ in the machine increases, and E, = K@Tw increases. 
Finally, an increase in E, raises V;. 


Analysis of Cumulatively Compounded 
DC Generators 


Equations (9-53) and (9-54) are the key to describing the terminal characteristics 
of a cumulatively compounded de generator. The equivalent shunt field current /,, 
due to the effects of the series field and armature reaction is given by 


Inq = SE 1, — 2 (9-53) 


Therefore, the total effective shunt field current in the machine is 
p=Ipt+ fe (9-54) 


This equivalent current /,, represents a horizontal distance to the left or the 
right of the field resistance line (R- = V;/R,) along the axes of the magnetization 
curve. 
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FIGURE 9-63 
Graphical analysis of a cumulatively compounded dec generator. 


The resistive drop in the generator is given by 1,(R, + Rs), which is a length 
along the vertical axis on the magnetization curve. Both the equivalent current [,, 
and the resistive voltage drop /,(R, + Rs) depend on the strength of the armature 
current /,. Therefore, they form the two sides of a triangle whose magnitude is a 
function of /,. To find the output voltage for a given load, determine the size of the 
triangle and find the one point where it exactly fits between the field current line 
and the magnetization curve. 

This idea is illustrated in Figure 9-63. The terminal voltage at no-load con- 
ditions will be the point at which the resistor line and the magnetization curve in- 
tersect, as before. As load is added to the generator, the series field magnetomotive 
force increases, increasing the equivalent shunt field current /,, and the resistive 
voltage drop 1,(R, + Rs) in the machine. To find the new output voltage in this 
generator, slide the leftmost edge of the resulting triangle along the shunt field cur- 
rent line until the upper tip of the triangle touches the magnetization curve. The up- 
per tip of the triangle then represents the internal generated voltage in the machine, 
while the lower line represents the terminal voltage of the machine. 

Figure 9-64 shows this process repeated several times to construct a com- 
plete terminal characteristic for the generator. 


9.16 THE DIFFERENTIALLY COMPOUNDED 
DC GENERATOR 


A differentially compounded dc generator is a generator with both shunt and se- 
ries fields, but this time their magnetomotive forces subtract from each other. The 
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FIGURE 9-64 
Graphical derivation of the terminal characteristic of a cumulatively compounded dc generator. 


FIGURE 9-65 
The equivalent circuit of a differentially compounded dc generator with a long-shunt connection. 


equivalent circuit of a differentially compounded dc generator is shown in Figure 
9-65. Notice that the armature current is now flowing out of a dotted coil end, 
while the shunt field current is flowing info a dotted coil end. In this machine, the 
net magnetomotive force is 


Fat = Fr—-— Fop— Fap (9-55) 


ne 
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and the equivalent shunt field current due to the series field and armature reaction 
is given by 


Iq = — = 1, - = (9-57) 


The total effective shunt field current in this machine is 


If = Tp + [eq (9-58a) 
or 
Nsr Far 
fd lye (9-58b) 


Like the cumulatively compounded generator, the differentially com- 
pounded generator can be connected in either long-shunt or short-shunt fashion. 


The Terminal Characteristic of a Differentially 
Compounded DC Generator 


In the differentially compounded dc generator, the same two effects occur that 
were present in the cumulatively compounded dec generator. This time, though, the 
effects both act in the same direction. They are 


1. As J, increases, the 1,4(R, + Rs) voltage drop increases as well. This increase 
tends to cause the terminal voltage to decrease V; = E, — 1,7 (R4 + Rs). 


2. As J, increases, the series field magnetomotive force ¥sz = Negi, increases 
too. This increase in series field magnetomotive force reduces the net mag- 
netomotive force on the generator (F,,, = Nel — Nsg 1,1), which in turn re- 
duces the net flux in the generator. A decrease in flux decreases E,, which in 
turn decreases V;. 


Since both these effects tend to decrease Vz, the voltage drops drastically as 
the load is increased on the generator. A typical terminal characteristic for a dif- 
ferentially compounded de generator is shown in Figure 9-66. 


Voltage Control of Differentially Compounded 
DC Generators 


Even though the voltage drop characteristics of a differentially compounded dc 
generator are quite bad, it is still possible to adjust the terminal voltage at any 
given load setting. The techniques available for adjusting terminal voltage are ex- 
actly the same as those for shunt and cumulatively compounded dc generators: 


1. Change the speed of rotation w,,. 
2. Change the field current J,. 
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FIGURE 9-66 

The terminal characteristic of a differentially compounded dc generator. 
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FIGURE 9-67 
Graphical analysis of a differentially compounded dc generator. 


Graphical Analysis of a Differentially 
Compounded DC Generator 


The voltage characteristic of a differentially compounded dc generator is graphi- 
cally determined in precisely the same manner as that used for the cumulatively 
compounded dc generator. To find the terminal characteristic of the machine, re- 
fer to Figure 9-67. 
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FIGURE 9-68 
Graphical derivation of the terminal characteristic of a differentially compounded dc generator. 


The portion of the etfective shunt tield current due to the actual shunt field 
is always equal to V;/R;, since that much current is present in the shunt field. The 
remainder of the effective field current is given by /,, and is the sum of the series 
field and armature reaction effects. This equivalent current /,, represents a nega- 
tive horizontal distance along the axes of the magnetization curve, since both the 
series field and the armature reaction are subtractive. 

The resistive drop in the generator is given by J,(R, + Rs), which is a length 
along the vertical axis on the magnetization curve. To find the output voltage for 
a given load, determine the size of the triangle formed by the resistive voltage 
drop and /,,, and find the one point where it exactly fits between the field current 
line and the magnetization curve. 

Figure 9-68 shows this process repeated several times to construct a com- 
plete terminal characteristic for the generator. 


9.17 SUMMARY 


There are several types of dc motors, differing in the manner in which their 
field fluxes are derived. These types of motors are separately excited, shunt, 
permanent-magnet, series, and compounded. The manner in which the flux is de- 
rived affects the way it varies with the load, which in turn affects the motor’s 
overall torque—speed characteristic. 

A shunt or separately excited dc motor has a torque—speed characteristic 
whose speed drops linearly with increasing torque. Its speed can be controlled by 
changing its field current, its armature voltage, or its armature resistance. 

A permanent-magnet de motor is the same basic machine except that its flux 
is derived from permanent magnets. Its speed can be controlled by any of the 
above methods except varying the field current. 
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A series motor has the highest starting torque of any dc motor but tends to 
overspeed at no load. It is used for very high-torque applications where speed reg- 
ulation is not important, such as a car starter. 

A cumulatively compounded dc motor is a compromise between the series 
and the shunt motor, having some of the best characteristics of each. On the other 
hand, a differentially compounded de motor is a complete disaster. It is unstable 
and tends to overspeed as load is added to it. 

DC generators are dc machines used as generators. There are several differ- 
ent types of dc generators, differing in the manner in which their field fluxes are 
derived. These methods affect the output characteristics of the different types of 
generators. The common de generator types are separately excited, shunt, series, 
cumulatively compounded, and differentially compounded. 

The shunt and compounded dec generators depend on the nonlinearity of 
their magnetization curves for stable output voltages. If the magnetization curve 
of ade machine were a straight line, then the magnetization curve and the termi- 
nal voltage line of the generator would never intersect. There would thus be no 
stable no-load voltage for the generator. Since nonlinear effects are at the heart of 
the generator’s operation, the output voltages of dc generators can only be deter- 
mined graphically or numerically by using a computer. 

Today, de generators have been replaced in many applications by ac power 
sources and solid-state electronic components. This is true even in the automobile, 
which is one of the most common users of dc power. 


QUESTIONS 


9-1. What is the speed regulation of a dc motor? 
9-2, How can the speed of a shunt de motor be controlled? Explain in detail. 
9-3. What is the practical difference between a separately excited and a shunt de motor? 
9-4. What effect does armature reaction have on the torque—speed characteristic of a 
shunt dc motor? Can the effects of armature reaction be serious? What can be done 
to remedy this problem? 
9-5. What are the desirable characteristics of the permanent magnets in PMDC 
machines? 
9-6. What are the principal characteristics of a series dc motor? What are its uses? 
9-7. What are the characteristics of a cumulatively compounded de motor? 
9-8. What are the problems associated with a differentially compounded dc motor? 
9-9, What happens in a shunt de motor if its field circuit opens while it is running? 
9-10. Why is a starting resistor used in dc motor circuits? 
9-11. How can a dc starting resistor be cut out of a motor’s armature circuit at just the 
right time during starting? 
9-12, What is the Ward-Leonard motor control system? What are its advantages and 
disadvantages? 
9-13, What is regeneration? 
9-14, What are the advantages and disadvantages of solid-state motor drives compared to 
the Ward-Leonard system? 


9-15. 
9-16, 


9-17, 
9-18. 
9-19, 
9-20. 


9-21. 
9-22, 


9.23, 


9.24, 
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What is the purpose of a field loss relay? 

What types of protective features are included in typical solid-state dc motor drives? 
How do they work? 

How can the direction of rotation of a separately excited dc motor be reversed? 
How can the direction of rotation of a shunt dc motor be reversed? 

How can the direction of rotation of a series dc motor be reversed? 

Name and describe the features of the five types of generators covered in this 
chapter. 

How does the voltage buildup occur in a shunt de generator during starting? 

What could cause voltage buildup on starting to fail to occur? How can this problem 
be remedied? 

How does armature reaction affect the output voltage in a separately excited dc 
generator? 

What causes the extraordinarily fast voltage drop with increasing load in a differen- 
tially compounded dc generator? 


PROBLEMS 
Problems 9-1 to 9-12 refer to the following dc motor: 
Praed = 15 hp 1 sated = 554 
Vy = 240V Nr = 2700 turns per pole 
Neated = 1200 r/min Nsg = 27 turns per pole 
Ry = 0.40 0 Rr = 1000 
R; = 0.04.0 Rag = 100 to 400 0 


Rotational losses are 1800 W at full load. Magnetization curve is as shown in Figure P9-1. 


In Problems 9-1 through 9-7, assume that the motor described above can be con- 


nected in shunt. The equivalent circuit of the shunt motor is shown in Figure P9-2. 


9-1, 


9-2. 


9-3. 


9-4, 


9-5. 


9-6, 


If the resistor Ryg; is adjusted to 175 (2 what is the rotational speed of the motor at 
no-load conditions? 

Assuming no armature reaction, what is the speed of the motor at full load? What is 
the speed regulation of the motor? 

If the motor is operating at full load and if its variable resistance R,,4 is increased to 
250 2, what is the new speed of the motor? Compare the full-load speed of the mo- 
tor with R,4, = 175 © to the full-load speed with R,4; = 250 (). (Assume no arma- 
ture reaction, as in the previous problem.) 

Assume that the motor is operating at full load and that the variable resistor R,4 is 
again 175 Q. If the armature reaction is 1200 A ¢ turns at full load, what is the speed 
of the motor? How does it compare to the result for Problem 9-2? 

If R,4, can be adjusted from 100 to 400 ©, what are the maximum and minimum no- 
load speeds possible with this motor? 

What is the starting current of this machine if it is started by connecting it directly 
to the power supply V7? How does this starting current compare to the full-load cur- 
rent of the motor? 
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FIGURE P9-1 


The magnetization curve for the dc motor in Problems 9-1 to 9-12. This curve was made at a 
constant speed of 1200 r/min. 


9-7. Plot the torque—speed characteristic of this motor assuming no armature reaction, 
and again assuming a full-load armature reaction of 1200 A « turns. 


For Problems 9-8 and 9-9, the shunt de motor is reconnected separately excited, as shown 
in Figure P9-3. It has a fixed field voltage V; of 240 V and an armature voltage V, that can 
be varied from 120 to 240 V. 


9-8. What is the no-load speed of this separately excited motor when Rg = 175 © and 
(a) V4 = 120 V, (6) V4 = 180 V, (c) V4 = 240 V? 

9-9. For the separately excited motor of Problem 9-8: 
(a) What is the maximum no-load speed attainable by varying both V, and 2,4? 
(b) What is the minimum no-load speed attainable by varying both V, and Ry4;? 
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Vr=240V 


FIGURE P9-2 
The equivalent circuit of the shunt motor in Problems 9-1 to 9-7. 


Vp=240V 


V4 = 120 to 240 V 


FIGURE P9-3 
The equivalent circuit of the separately excited motor in Problems 9-8 and 9-9. 


9-10. 


9-11. 


9-12. 


9-13. 


If the motor is connected cumulatively compounded as shown in Figure P9Q—4 and if 
Rg, = 175 2, what is its no-load speed? What is its full-load speed? What is its 
speed regulation? Calculate and plot the torque—speed characteristic for this motor. 
(Neglect armature effects in this problem.) 

The motor is connected cumulatively compounded and is operating at full load. 
What will the new speed of the motor be if R,4, is increased to 250 (2? How does the 
new speed compare to the full-load speed calculated in Problem 9-10? 

The motor is now connected differentially compounded. 

(a) If Rag = 175 Q, what is the no-load speed of the motor? 

(b) Whatis the motor’s speed when the armature current reaches 20A? 40 A? 60A? 
(c) Calculate and plot the torque-speed characteristic curve of this motor. 
A7.5-hp, 120-V series dc motor has an armature resistance of 0.2 2 and a series field 
resistance of 0.16 (.. At full load, the current input is 58 A, and the rated speed is 
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e = Cumulatively compounded 
s = Differentially compounded 


Vr = 240 V 
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FIGURE P94 
The equivalent circuit of the compounded motor in Problems 9-10 to 9-12. 


1050 r/min. Its magnetization curve is shown in Figure P9—5, The core losses are 200 

W, and the mechanical losses are 240 W at full load. Assume that the mechanical 

losses vary as the cube of the speed of the motor and that the core losses are constant. 

(a) What is the efficiency of the motor at full load? 

(b) What are the speed and efficiency of the motor if it is operating at an armature 
current of 35 A? 

(c) Plot the torque-speed characteristic for this motor. 

9-14, A 20-hp, 240-V, 76-A, 900 r/min series motor has a field winding of 33 turns per 
pole. Its armature resistance is 0.09 Q, and its field resistance is 0.06 . The mag- 
netization curve expressed in terms of magnetomotive force versus E, at 900 r/min 
is given by the following table: 


E,.V 95 150 188 212 229 243 

¥, A* turns 500 1000 1500 2000 2500 3000 

Armature reaction is negligible in this machine. 

(a) Compute the motor’s torque, speed, and output power at 33, 67, 100, and 133 
percent of full-load armature current. (Neglect rotational losses.) 

(5) Plot the torque—speed characteristic of this machine. 


9-15. A300-hp, 440-V, 560-A, 863 r/min shunt dc motor has been tested, and the follow- 
ing data were taken: 


Blocked-rotor test: 


V, = 16.3 V_ exclusive of brushes Vp = 440 V 
1, = 500A Ip = 8.86A 


No-load operation: 


V, = 16.3 V_ including brushes Ip = 8.76A 
L,=23.1A n = 863 r/min 
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Internal generated voltage E4, V 


Series field current, A 


FIGURE P9-5 


The magnetization curve for the series motor in Problem 9-13. This curve was taken at a constant 
speed of 1200 r/min. 


What is this motor’s efficiency at the rated conditions? [Note: Assume that (1) the 
brush voltage drop is 2 V, (2) the core loss is to be determined at an armature volt- 


age equal to the armature voltage under full load, and (3) stray load losses are | per- 
cent of full load.] 


Problems 9-16 to 9-19 refer to a 240-V, 100-A de motor which has both shunt and series 
windings. Its characteristics are 


R, = 0.140 Ne = 1500 turns 
Rs = 0.04 Q Nsg = 12 turns 
R, = 2000 ny = 1200 r/min 


Ryg = 0 to 300 2, currently set to 1200 
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FIGURE P9-6 
The magnetization curve for the dc motor in Problems 9-16 to 9-19. 


This motor has compensating windings and interpoles. The magnetization curve for this 
motor at 1200 r/min is shown in Figure P9-6. 


9-16. The motor described above is connected in shunt. 
(a) What is the no-load speed of this motor when R,g, = 120 0? 
(6) What is its full-load speed? 
(c) Under no-load conditions, what range of possible speeds can be achieved by 
adjusting R,4;? 
9-17. This machine is now connected as a cumulatively compounded dc motor with 
Reg, = 120.0. 
(a) What is the full-load speed of this motor? 
(b) Plot the torque—speed characteristic for this motor. 
(c) What is its speed regulation? 
9-18. The motor is reconnected differentially compounded with R,g = 120 22. Derive the 
shape of its torque—speed characteristic. 


9-19, 


9-20. 


9-21. 


9-22. 
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A series motor is now constructed from this machine by leaving the shunt field out 
entirely. Derive the torque—speed characteristic of the resulting motor. 

An automatic starter circuit is to be designed for a shunt motor rated at 15 hp, 240 
V, and 60 A. The armature resistance of the motor is 0.15 0, and the shunt field re- 
sistance is 40 ©. The motor is to start with no more than 250 percent of its rated ar- 
mature current, and as soon as the current falls to rated value, a starting resistor 
Stage is to be cut out. How many stages of starting resistance are needed, and how 
big should each one be? 

A 15-hp, 230-V, 1800 r/min shunt dc motor has a full-load armature current of 60 A 
when operating at rated conditions. The armature resistance of the motor is Ry = 
0.15 2, and the field resistance R; is 80 11..The adjustable resistance in the field cir- 
cuit R,g may be varied over the range from 0 to 200 2 and is currently set to 90 2. 
Armature reaction may be ignored in this machine. The magnetization curve for this 
motor, taken at a speed of 1800 r/min, is given in tabular form below: 


Ey V 8.5 150 180 215 226 242 


Tp, A 0.00 0.80 1.00 1.28 1.44 2.88 


(a) What is the speed of this motor when it is running at the rated conditions spec- 
ified above? 

(b) The output power from the motor is 7.5 hp at rated conditions. What is the out- 
put torque of the motor? 

(c) What are the copper losses and rotational losses in the motor at full load (ignore 
stray losses)? 

(d) What is the efficiency of the motor at full load? 

(e) If the motor is now unloaded with no changes in terminal voltage or R,4,, what 
is the no-load speed of the motor? 

(f) Suppose that the motor is running at the no-load conditions described in part e. 
What would happen to the motor if its field circuit were to open? Ignoring ar- 
mature reaction, what would the final steady-state speed of the motor be under 
those conditions? 

(g) What range of no-load speeds is possible in this motor, given the range of field 
resistance adjustments available with R,4;? 

The magnetization curve for a separately excited de generator is shown in Figure 

P9-7. The generator is rated at 6 kW, 120 V, 50 A, and 1800 r/min and is shown in 

Figure P9-8. Its field circuit is rated at 5A. The following data are known about the 

machine: 


R, = 0.18. 0 Vp= 120V 
Rig = 0 to 300 Rp = 240 
Nr = 1000 turns per pole 


Answer the following questions about this generator, assuming no armature reaction. 

(a) If this generator is operating at no load, what is the range of voltage adjustments 
that can be achieved by changing R,4;? 

(b) If the field rheostat is allowed to vary from 0 to 30 2 and the generator’s speed 
is allowed to vary from 1500 to 2000 r/min, what are the maximum and mini- 
mum no-load voltages in the generator? 
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The magnetization curve for Problems 9-22 to 9-28. This curve was taken at a speed of 1800 r/min. 


9-23. If the armature current of the generator in Problem 9-22 is 50 A, the speed of the 
generator is 1700 r/min, and the terminal voltage is 106 V, how much field current 
must be flowing in the generator? 

9-24, Assuming that the generator in Problem 9-22 has an armature reaction at full load 
equivalent to 400 A « turns of magnetomotive force, what will the terminal voltage 
of the generator be when Jp = 5 A, n, = 1700 r/min, and 4, = 50 A? 

9-25. The machine in Problem 9-22 is reconnected as a shunt generator and is shown in 
Figure P9-9. The shunt field resistor R,4, is adjusted to 10 0, and the generator’s 
speed is 1800 r/min. 
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FIGURE P9-8 
The separately excited dc generator in Problems 9-22 to 9-24. 


FIGURE P9-9 
The shunt de generator in Problems 9-25 and 9-26. 


(a) What is the no-load terminal voltage of the generator? 
(b) Assuming no armature reaction, what is the terminal voltage of the generator 
with an armature current of 20 A? 40 A? 
(c) Assuming an armature reaction equal to 300 A « turns at full load, what is the 
terminal voltage of the generator with an armature current of 20 A? 40 A? 
(da) Calculate and plot the terminal characteristics of this generator with and with- 
out armature reaction. 
9-26. If the machine in Problem 9-25 is running at 1800 r/min with a field resistance Rig 
= 100 and an armature current of 25 A, what will the resulting terminal voltage 
be? If the field resistor decreases to 5 © while the armature current remains 25 A, 
what will the new terminal voltage be? (Assume no armature reaction.) 
9-27, A 120-V, 50-A cumulatively compounded dc generator has the following 


characteristics: 
R,+ Rs = 0.210 Nz = 1000 turns 
Re = 20 .@) Nsg = 20 turns 


Rig, = 0 to 30 Q, set to 10.0 Nm = 1800 r/min 
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Ry + Rs Nee = 20 turns fi, 


FIGURE P9-10 
The compounded dc generator in Problems 9-27 and 9-28. 


9-28. 


9-29. 


9-30. 


The machine has the magnetization curve shown in Figure P9—7. Its equivalent cir- 

cuit is shown in Figure P9-10. Answer the following questions about this machine, 

assuming no armature reaction. 

(a) If the generator is operating at no load, what is its terminal voltage? 

(&) If the generator has an armature current of 20 A, what is its terminal voltage? 

(c) If the generator has an armature current of 40 A, what is its terminal voltage? 

(d) Calculate and plot the terminal characteristic of this machine. 

If the machine described in Problem 9—27 is reconnected as a differentially com- 

pounded dc generator, what will its terminal characteristic look like? Derive it in the 

same fashion as in Problem 9-27. 

A cumulatively compounded dc generator is operating properly as a filat- 

compounded dc generator. The machine is then shut down, and its shunt field con- 

nections are reversed. 

(a) If this generator is turned in the same direction as before, will an output voltage 
be built up at its terminals? Why or why not? 

(6) Will the voltage build up for rotation in the opposite direction? Why or why 
not? 

(c) For the direction of rotation in which a voltage builds up, will the generator be 
cumulatively or differentially compounded? 

A three-phase synchronous machine is mechanically connected to a shunt de ma- 

chine, forming a motor—generator set, as shown in Figure P9-11. The de machine is 

connected to a dc power system supplying a constant 240 V, and the ac machine is 

connected to a 480-V, 60-Hz infinite bus. 

The dc machine has four poles and is rated at 50 kW and 240 V. It has a per-unit 
armature resistance of 0.04. The ac machine has four poles and is Y-connected. It is 
rated at 50 kVA, 480 V, and 0.8 PF, and its saturated synchronous reactance is 2.0 0 
per phase. 

All losses except the dc machine’s armature resistance may be neglected in this 
problem. Assume that the magnetization curves of both machines are linear. 

(a) Initially, the ac machine is supplying 50 kVA at 0.8 PF lagging to the ac power 
system. 
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FIGURE P9-11 
The motor—generator set in Problem 9-30. 


1. How much power is being supplied to the de motor from the dc power 
system? 

2. How large is the internal generated voltage E, of the dc machine? 

3. How large is the internal generated voltage E, of the ac machine? 

(b) The field current in the ac machine is now increased by 5 percent. What effect 
does this change have on the real power supplied by the motor—generator set? 
On the reactive power supplied by the motor—generator set? Calculate the real 
and reactive power supplied or consumed by the ac machine under these condi- 
tions. Sketch the ac machine’s phasor diagram before and after the change in 
field current. 

(c) Starting from the conditions in part }, the field current in the dc machine is now 
decreased by | percent. What effect does this change have on the real power 
supplied by the motor—generator set? On the reactive power supplied by the 
motor—generator set? Calculate the real and reactive power supplied or con- 
sumed by the ac machine under these conditions. Sketch the ac machine’s pha- 
sor diagram before and after the change in the de machine’s field current. 

(d) From the above results, answer the following questions: 

1. How can the real power flow through an ac—de motor—generator set be 
controlled? 

2. How can the reactive power supplied or consumed by the ac machine be 
controlled without affecting the real power flow? 
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CHAPTER 


10 


SINGLE-PHASE AND 
SPECIAL-PURPOSE 
MOTORS 


hapters 4 through 7 were devoted to the operation of the two major classes of 

ac machines (synchronous and induction) on three-phase power systems. 
Motors and generators of these types are by far the most common ones in larger 
commercial and industrial settings. However, most homes and small businesses 
do not have three-phase power available. For such locations, all motors must run 
from single-phase power sources. This chapter deals with the theory and operation 
of two major types of single-phase motors: the universal motor and the single- 
phase induction motor. The universal motor, which is a straightforward extension 
of the series dc motor, is described in Section 10.1. 

The single-phase induction motor is described in Sections 10.2 to 10.5. The 
major problem associated with the design of single-phase induction motors is that, 
unlike three-phase power sources, a single-phase source does not produce a rotat- 
ing magnetic field. Instead, the magnetic field produced by a single-phase source 
remains stationary in position and pulses with time. Since there is no net rotating 
magnetic field, conventional induction motors cannot function, and special de- 
signs are necessary. 

In addition, there are a number of special-purpose motors which have not 
been previously covered. These include reluctance motors, hysteresis motors, 
stepper motors, and brushless dc motors. They are included in Section 10.6. 
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FIGURE 10-1 
= Equivalent circuit of a universal motor. 


10.1 THE UNIVERSAL MOTOR 


Perhaps the simplest approach to the design of a motor that will operate on a 
single-phase ac power source is to take a dc machine and run it from an ac supply. 
Recall from Chapter 8 that the induced torque of a dc motor is given by 


Ta = Kol, (8-49) 


If the polarity of the voltage applied to a shunt or series dc motor is reversed, both 
the direction of the field flux and the direction of the armature current reverse, and 
the resulting induced torque continues in the same direction as before. Therefore, 
it should be possible to achieve a pulsating but unidirectional torque from a dc 
motor connected to an ac power supply. 

Such a design is practical only for the series dc motor (see Figure 10-1), 
since the armature current and the field current in the machine must reverse at ex- 
actly the same time. For shunt de motors, the very high field inductance tends to 
delay the reversal of the field current and thus to unacceptably reduce the average 
induced torque of the motor. 

In order for a series dc motor to function effectively on ac, its field poles 
and stator frame must be completely laminated. If they were not completely lam- 
inated, their core losses would be enormous. When the poles and stator are lami- 
nated, this motor is often called a universal motor, since it can run from either an 
ac or a dc source. 

When the motor is running from an ac source, the commutation will be 
much poorer than it would be with a dc source. The extra sparking at the brushes 
is caused by transformer action inducing voltages in the coils undergoing com- 
mutation. These sparks significantly shorten brush life and can be a source of 
radio-frequency interference in certain environments. 

A typical torque—speed characteristic of a universal motor is shown in Fig- 
ure 10-2. It differs from the torque—speed characteristic of the same machine op- 
erating from a dc voltage source for (wo reasons: 


1. The armature and field windings have quite a large reactance at 50 or 60 Hz. 
A significant part of the input voltage is dropped across these reactances, and 
therefore E, is smaller for a given input voltage during ac operation than it is 
during dc operation. Since E, = Kaw, the motor is slower for a given 
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Series DC motor 


FIGURE 10-2 

Comparison of the torque—speed 

characteristic of a universal motor 

when operating from ac and de 
Tind power supplies. 


Universal motor 
(AC supply) 


armature current and induced torque on alternating current than it would be 
on direct current. 


2. In addition, the peak voltage of an ac system is V2 times its rms value, so 
magnetic saturation could occur near the peak current in the machine. This 
saturation could significantly lower the rms flux of the motor for a given cur- 
rent level, tending to reduce the machine’s induced torque. Recall that a de- 
crease in flux increases the speed of a dc machine, so this effect may partially 
offset the speed decrease caused by the first effect. 


Applications of Universal Motors 


The universal motor has the sharply drooping torque—speed characteristic of a dc 
series motor, so it 1s not suitable for constant-speed applications. However, it 1s 
compact and gives more torque per ampere than any other single-phase motor. It 
is therefore used where light weight and high torque are important. 

Typical applications for this motor are vacuum cleaners, drills, similar 
portable tools, and kitchen appliances. 


Speed Control of Universal Motors 


As with dc series motors, the best way to control the speed of a universal motor is 
to vary its rms input voltage. The higher the rms input voltage, the greater the re- 
sulting speed of the motor. Typical torque—speed characteristics of a universal mo- 
tor as a function of voltage are shown in Figure 10-3. 

In practice, the average voltage applied to such a motor is varied with one 
of the SCR or TRIAC circuits introduced in Chapter 3. Two such speed control 
circuits are shown in Figure 10-4. The variable resistors shown in these figures 
are the speed adjustment knobs of the motors (e.g., such a resistor would be the 
trigger of a variable-speed drill). 
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FIGURE 10-3 
The effect of changing terminal voltage on the torque—speed characteristic of a universal motor. 
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FIGURE 10-4 
Sample universal motor speed-control circuits. (a) Half-wave; (b) full-wave. 
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FIGURE 10-5 

Construction of a single-phase induction 
motor. The rotor is the same as in a three- 
phase induction motor, but the stator has 
only a single distributed phase. 


10.2. INTRODUCTION TO SINGLE-PHASE 
INDUCTION MOTORS 


Another common single-phase motor is the single-phase version of the induction 
motor. An induction motor with a squirrel-cage rotor and a single-phase stator is 
shown in Figure 10-5. 

Single-phase induction motors suffer from a severe handicap. Since there is 
only one phase on the stator winding, the magnetic field in a single-phase induc- 
tion motor does not rotate. Instead, it pulses, getting first larger and then smaller, 
but always remaining in the same direction. Because there is no rotating stator 
magnetic field, a single-phase induction motor has no starting torque. 

This fact is easy to see from an examination of the motor when its rotor is 
stationary. The stator flux of the machine first increases and then decreases, but it 
always points in the same direction. Since the stator magnetic field does not ro- 
tate, there is no relative motion between the stator field and the bars of the rotor. 
Therefore, there is no induced voltage due to relative motion in the rotor, no rotor 
current flow due to relative motion, and no induced torque. Actually, a voltage is 
induced in the rotor bars by transformer action (d@/df), and since the bars are 
short-circuited, current flows in the rotor. However, this magnetic field is lined up 
with the stator magnetic field, and it produces no net torque on the rotor, 


Ting = KB X Bs (4-58) 
= KB,B; sin y 
= kBgBg sin 180° = 0 


At stall conditions, the motor looks like a transformer with a short-circuited sec- 
ondary winding (see Figure 10-6). 
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FIGURE 10-6 

The single-phase induction motor at 
starting conditions. The stator winding 
induces opposing voltages and currents into 
the rotor circuit, resulting in a rotor 
magnetic field /ined up with the stator 
magnetic field. 7;,5 = 0. 


The fact that single-phase induction motors have no intrinsic starting torque 
was a serious impediment to early development of the induction motor. When in- 
duction motors were first being developed in the late 1880s and early 1890s, the 
first available ac power systems were 133-Hz, single-phase. With the materials 
and techniques then available, it was impossible to build a motor that worked 
well. The induction motor did not become an off-the-shelf working product until 
three-phase, 25-Hz power systems were developed in the mid-1890s. 

However, once the rotor begins to turn, an induced torque will be produced 
in it. There are two basic theories which explain why a torque is produced in the 
rotor once it is turning. One is called the double-revolving-field theory of single- 
phase induction motors, and the other is called the cross-field theory of single- 
phase induction motors. Each of these approaches will be described below. 


The Double-Revolving-Field Theory of 
Single-Phase Induction Motors 


The double-revolving-field theory of single-phase induction motors basically 
states that a stationary pulsating magnetic field can be resolved into two rotating 
magnetic fields, each of equal magnitude but rotating in opposite directions. The 
induction motor responds to each magnetic field separately, and the net torque in 
the machine will be the sum of the torques due to each of the two magnetic fields. 

Figure 10-7 shows how a stationary pulsating magnetic field can be re- 
solved into two equal and oppositely rotating magnetic fields. The flux density of 
the stationary magnetic field is given by 


B; (1) = (By, COs wf) j (10-1) 


A clockwise-rotating magnetic field can be expressed as 
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The resolution of a single pulsating magnetic field into two magnetic fields of equal magnitude by 
rotation in opposite directions. Notice that at all times the vector sum of the two magnetic fields lies 
in the vertical plane. 


Boyt) = (4 Banax COS ot)i - (4 Bunax SiN wt (10-2) 
and a counterclock wise-rotating magnetic field can be expressed as 
Becw(t) = (4 Brnax COS wt} + (4 Brnax Sin ar} (10-3) 


Notice that the sum of the clockwise and counterclockwise magnetic fields is 
equal to the stationary pulsating magnetic field B,: 


Bs!) = Bay(t) + BeewlA) (10-4) 


The torque-speed characteristic of a three-phase induction motor in re- 
sponse to its single rotating magnetic field is shown in Figure 10-8a. A single- 
phase induction motor responds to each of the two magnetic fields present within 
it, so the net induced torque in the motor is the difference between the two 
torque—speed curves. This net torque is shown in Figure 10-8b. Notice that there 
is no net torque at zero speed, so this motor has no starting torque. 

The torque—speed characteristic shown in Figure 10-8b is not quite an ac- 
curate description of the torque in a single-phase motor. It was formed by the 
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FIGURE 10-8 
(a) The torque—speed characteristic of a three-phase induction motor. (b) The torque—speed 
characteristic curves of the two equal and oppositely rotating stator magnetic fields. 


superposition of two three-phase characteristics and ignored the fact that both 
magnetic fields are present simultaneously in the single-phase motor. 

If power is applied to a three-phase motor while it is forced to turn back- 
ward, its rotor currents will be very high (see Figure 10-9a). However, the rotor 
frequency is also very high, making the rotor’s reactance much much larger than 
its resistance. Since the rotor’s reactance is so very high, the rotor current lags the 
rotor voltage by almost 90°, producing a magnetic field that is nearly 180° from 
the stator magnetic field (see Figure 10-10). The induced torque in the motor is 
proportional to the sine of the angle between the two fields, and the sine of an an- 
gle near 180° is a very small number. The motor’s torque would be very small, ex- 
cept that the extremely high rotor currents partially offset the effect of the mag- 
netic field angles (see Figure 10—9b). 

On the other hand, in a single-phase motor, both the forward and the reverse 
magnetic fields are present and both are produced by the same current. The forward 
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very high, but the angle between the 
fields is very large, and that angle 
limits the torque of the motor. 


and reverse magnetic fields in the motor each contribute a component to the total 
voltage in the stator and, in a sense, are in series with each other. Because both 
magnetic fields are present, the forward-rotating magnetic field (which has a high 
effective rotor resistance R,/s) will limit the stator current flow in the motor (which 
produces both the forward and reverse fields). Since the current supplying the re- 
verse stalor magnetic field is limited to a small value and since the reverse rotor 
magnetic field is at a very large angle with respect to the reverse stator magnetic 
field, the torque due to the reverse magnetic fields is very small near synchronous 
speed. A more accurate torque—speed characteristic for the single-phase induction 
motor is shown in Figure 10-11. 

In addition to the average net torque shown in Figure 10-11, there are torque 
pulsations at twice the stator frequency. These torque pulsations are caused when 
the forward and reverse magnetic fields cross each other twice each cycle. Al- 
though these torque pulsations produce no average torque, they do increase vibra- 
tion, and they make single-phase induction motors noisier than three-phase motors 
of the same size. There is no way to eliminate these pulsations, since instantaneous 
power always comes in pulses in a single-phase circuit. A motor designer must al- 
low for this inherent vibration in the mechanical design of single-phase motors. 
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FIGURE 10-10 
When the rotor of the motor is forced to turn backward, the angle y between Bp and Bs approaches 
180°. 


~~? 
~ Reverse 
curve 


FIGURE 10-11 

The torque—speed characteristic of a single-phase induction motor, taking into account the current 
limitation on the backward-rotating magnetic field caused by the presence of the forward-rotating 
magnetic field. 


SINGLE-PHASE AND SPECIAL-PURPOSE MOTORS 643 


The Cross-Field Theory of 
Single-Phase Induction Motors 


The cross-field theory of single-phase induction motors looks at the induction mo- 
tor from a totally different point of view. This theory is concerned with the volt- 
ages and currents that the stationary stator magnetic field can induce in the bars of 
the rotor when the rotor is moving. 

Consider a single-phase induction motor with a rotor which has been 
brought up to speed by some external method. Such a motor is shown in Figure 
10-12a. Voltages are induced in the bars of this rotor, with the peak voltage oc- 
curring in the windings passing directly under the stator windings. These rotor 
voltages produce a current flow in the rotor, but because of the rotor’s high reac- 
tance, the current lags the voltage by almost 90°. Since the rotor is rotating at 
nearly synchronous speed, that 90° time lag in current produces an almost 90° an- 
gular shift between the plane of peak rotor voltage and the plane of peak current. 
The resulting rotor magnetic field is shown in Figure 10-12b. 

The rotor magnetic field is somewhat smaller than the stator magnetic field, 
because of the losses in the rotor, but they differ by nearly 90° in both space and 
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Plane of 
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Ep 


FIGURE 10-12 

(a) The development of induced torque in a single-phase induction motor, as explained by the cross- 
field theory. If the stator field is pulsing, it will induce voltages in the rotor bars, as shown by the marks 
inside the rotor. However, the rotor current is delayed by nearly 90° behind the rotor voltage, and if the 
rotor is turning, the rotor current will peak at an angle different from that of the rotor voltage. 
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FIGURE 10-12 (concluded) 
(b) This delayed rotor current produces a rotor magnetic field at an angle different from the angle of 
the stator magnetic field. 
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FIGURE 10-13 
(a) The magnitudes of the magnetic fields as a function of time. 


time. If these two magnetic fields are added at different times, one sees that the to- 
tal magnetic field in the motor is rotating in a counterclockwise direction (see Fig- 
ure 10-13). With a rotating magnetic field present in the motor, the induction 
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FIGURE 10-13 (concluded) 
(b) The vector sum of the rotor and stator magnetic fields at various times, showing a net magnetic 
field which rotates in a counterclockwise direction. 


motor will develop a net torque in the direction of motion, and that torque will 
keep the rotor turning. 

If the motor’s rotor had originally been turned in a clockwise direction, the 
resulting torque would be clockwise and would again keep the rotor turning. 
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10.3. STARTING SINGLE-PHASE 
INDUCTION MOTORS 


As previously explained, a single-phase induction motor has no intrinsic starting 
torque. There are three techniques commonly used to start these motors, and 
single-phase induction motors are classified according to the methods used to pro- 
duce their starting torque. These starting techniques differ in cost and in the 
amount of starting torque produced, and an engineer normally uses the least ex- 
pensive technique that meets the torque requirements in any given application. 
The three major starting techniques are 


1. Split-phase windings 
2. Capacitor-type windings 
3. Shaded stator poles 


All three starting techniques are methods of making one of the two revolv- 
ing magnetic fields in the motor stronger than the other and so giving the motor 
an initial nudge in one direction or the other. 


Split-Phase Windings 


A split-phase motor is a single-phase induction motor with two stator windings, a 
main stator winding (M) and an auxiliary starting winding (A) (see Figure 10-14). 
These two windings are set 90 electrical degrees apart along the stator of the 
motor, and the auxiliary winding is designed to be switched out of the circuit at 
some set speed by a centrifugal switch. The auxiliary winding is designed to have 
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FIGURE 10-14 
(a) A split-phase induction motor. (b) The currents in the motor at starting conditions. 
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a higher resistance/reactance ratio than the main winding, so that the current in the 
auxiliary winding /eads the current in the main winding. This higher R/X ratio is 
usually accomplished by using smaller wire for the auxiliary winding. Smaller 
wire is permissible in the auxiliary winding because it is used only for starting and 
therefore does not have to take full current continuously. 

To understand the function of the auxiliary winding, refer to Figure 10-15. 
Since the current in the auxiliary winding leads the current in the main winding, 


Line 


Pa voltage 


oo Se I, f Ss 


Main plus 
starting winding 


Centrifugal switch 


(c) 


FIGURE 10-15 
(a) Relationship of main and auxiliary magnetic fields. (b) I, peaks before ly, producing a net 
counterclockwise rotation of the magnetic fields. (c) The resulting torque—speed characteristic. 


648 ELECTRIC MACHINERY FUNDAMENTALS 


FIGURE 10-16 
Cutaway view of a split-phase motor, showing the main and auxiliary windings and the centrifugal 
switch. (Courtesy of Westinghouse Electric Corporation.) 


the magnetic field B, peaks before the main magnetic field By. Since B, peaks 
first and then By, there is a net counterclockwise rotation in the magnetic field. In 
other words, the auxiliary winding makes one of the oppositely rotating stator 
magnetic fields larger than the other one and provides a net starting torque for the 
motor. A typical torque—speed characteristic is shown in Figure 10-15c. 

A cutaway diagram of a split-phase motor is shown in Figure 10-16. It is 
easy to see the main and auxiliary windings (the auxiliary windings are the 
smaller-diameter wires) and the centrifuga] switch that cuts the auxiliary windings 
out of the circuit when the motor approaches operating speed. 

Split-phase motors have a moderate starting torque with a fairly low start- 
ing current. They are used for applications which do not require very high starting 
torques, such as fans, blowers, and centrifugal pumps. They are available for sizes 
in the fractional-horsepower range and are quite inexpensive. 

In a split-phase induction motor, the current in the auxiliary windings always 
peaks before the current in the main winding, and therefore the magnetic field from 
the auxiliary winding always peaks before the magnetic field from the main wind- 
ing. The direction of rotation of the motor is determined by whether the space an- 
gle of the magnetic field from the auxiliary winding is 90° ahead or 90° behind the 
angle of the main winding. Since that angle can be changed from 90° ahead to 90° 
behind just by switching the connections on the auxiliary winding, the direction of 
rotation of the motor can be reversed by switching the connections of the auxiliary 
winding while leaving the main winding’s connections unchanged. 
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FIGURE 10-17 
(a) A capacitor-start induction motor. (b) Current angles at starting in this motor. 


Capacitor-Start Motors 


For some applications, the starting torque supplied by a split-phase motor is insuf- 
ficient to start the load on a motor’s shaft. In those cases, capacitor-start motors 
may be used (Figure 10-17). In a capacitor-start motor, a capacitor is placed in se- 
ries with the auxiliary winding of the motor. By proper selection of capacitor size, 
the magnetomotive force of the starting current in the auxiliary winding can be ad- 
justed to be equal to the magnetomotive force of the current in the main winding, 
and the phase angle of the current in the auxiliary winding can be made to lead the 
current in the main winding by 90°. Since the two windings are physically sepa- 
rated by 90°, a 90° phase difference in current will yield a single uniform rotating 
stator magnetic field, and the motor will behave just as though it were starting from 
a three-phase power source. In this case, the starting torque of the motor can be 
more than 300 percent of its rated value (see Figure 10-18). 

Capacitor-start motors are more expensive than split-phase motors, and they 
are used in applications where a high starting torque is absolutely required. Typi- 
cal applications for such motors are compressors, pumps, air conditioners, and 
other pieces of equipment that must start under a load. (See Figure 10-19.) 
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FIGURE 10-18 
Torque—speed characteristic of a capacitor-start induction motor. 


Permanent Split-Capacitor and Capacitor-Start, 
Capacitor-Run Motors 


The starting capacitor does such a good job of improving the torque—speed char- 
acteristic of an induction motor that an auxiliary winding with a smaller capacitor 
is sometimes left permanently in the motor circuit. If the capacitor’s value is cho- 
sen correctly, such a motor will have a perfectly uniform rotating magnetic field 
al some specific load, and it will behave just like a three-phase induction motor at 
that point. Such a design is called a permanent split-capacitor or capacitor-start- 
and-run motor (Figure 10-20). Permanent split-capacitor motors are simpler than 
Capacitor-start motors, since the starting switch is not needed. At normal loads, 
they are more efficient and have a higher power factor and a smoother torque than 
ordinary single-phase induction motors. 

However, permanent split-capacitor motors have a lower starting torque than 
Capacitor-start motors, since the capacitor must be sized to balance the currents in 
the main and auxiliary windings at normal-load conditions. Since the starting cur- 
rent is much greater than the normal-load current, a capacitor that balances the 
phases under normal loads leaves them very unbalanced under starting conditions. 

If both the largest possible starting torque and the best running conditions 
are needed, two capacitors can be used with the auxiliary winding. Motors with 
two capacitors are called capacitor-start, capacitor-run, or two-value capacitor 
motors (Figure 10-21). The larger capacitor is present in the circuit only during 
starting, when it ensures that the currents in the main and auxiliary windings are 
roughly balanced, yielding very high starting torques. When the motor gets up to 
speed, the centrifugal switch opens, and the permanent capacitor is left by itself in 
the auxiliary winding circuit. The permanent capacitor is just large enough to bal- 
ance the currents at normal motor loads, so the motor again operates efficiently 
with a high torque and power factor. The permanent capacitor in such a motor is 
typically about 10 to 20 percent of the size of the starting capacitor. 
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FIGURE 10-19 


(a) A capacitor-start induction motor. (Courtesy of Emerson Electric Company.) (b) Exploded view 
of a capacitor-start induction motor. (Courtesy of Westinghouse Electric Corporation.) 


The direction of rotation of any capacitor-type motor may be reversed by 
switching the connections of its auxiliary windings. 
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FIGURE 10-20 
(a) A permanent split-capacitor induction motor. (b) Torque—speed characteristic of this motor. 


Shaded-Pole Motors 


A shaded-pole induction motor is an induction motor with only a main winding. 
Instead of having an auxiliary winding, it has salient poles, and one portion of 
each pole is surrounded by a short-circuited coil called a shading coil (see Figure 
10-22a). A time-varying flux is induced in the poles by the main winding. When 
the pole flux varies, it induces a voltage and a current in the shading coil which 
opposes the original change in flux. This opposition retards the flux changes un- 
der the shaded portions of the coils and therefore produces a slight imbalance be- 
tween the two oppositely rotating stator magnetic fields. The net rotation is in the 
direction from the unshaded to the shaded portion of the pole face. The 
torque—speed characteristic of a shaded-pole motor is shown in Figure 10-22b. 
Shaded poles produce less starting torque than any other type of induction 
motor starting system. They are much less efficient and have a much higher slip 
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FIGURE 10-21 
(a) A capacitor-start, capacitor-run induction motor. (b) Torque—speed characteristic of this motor. 


than other types of single-phase induction motors. Such poles are used only in 
very smal] motors (%o hp and less) with very low starting torque requirements. 
Where it is possible to use them, shaded-pole motors are the cheapest design 


available. 


Because shaded-pole motors rely on a shading coil for their starting torque, 
there is no easy way to reverse the direction of rotation of such a motor. To 
achieve reversal, it is necessary to install two shading coils on each pole face and 


to selectively short one or the other of them. See Figures 10-23 and 10-24. 


Comparison of Single-Phase Induction Motors 


Single-phase induction motors may be ranked from best to worst in terms of their 


starting and running characteristics: 


1. Capacitor-start, capacitor-run motor 
2. Capacitor-start motor 
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(a) A basic shaded-pole induction motor. (b) The resulting torque—speed characteristic. 
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FIGURE 10-23 
Cutaway view of a shaded-pole induction motor. (Courtesy of Westinghouse Electric Corporation.) 
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FIGURE 10-24 
Close-up views of the construction of a four-pole shaded-pole induction motor. (Courtesy of 
Westinghouse Electric Corporation.) 


3. Permanent split-capacitor motor 
4. Split-phase motor 
5. Shaded-pole motor 
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Naturally, the best motor is also the most expensive, and the worst motor is the 
least expensive. Also, not all these starting techniques are available in all motor 
size ranges. It is up to the design engineer to select the cheapest available motor 
for any given application that will do the job. 


10.4 SPEED CONTROL OF SINGLE-PHASE 
INDUCTION MOTORS 


In general, the speed of single-phase induction motors may be controlled in the 
same manner as the speed of polyphase induction motors. For squirrel-cage rotor 
motors, the following techniques are available: 


1. Vary the stator frequency. 
2. Change the number of poles. 
3. Change the applied terminal voltage V;. 


In practical designs involving fairly high-slip motors, the usual approach to 
speed control is to vary the terminal voltage of the motor. The voltage applied to 
a motor may be varied in one of three ways: 


1. An autotransformer may be used to continually adjust the line voltage. This 
is the most expensive method of voltage speed control and is used only when 
very smooth speed control is needed. 


2. An SCR or TRIAC circuit may be used to reduce the rms voltage applied to 
the motor by ac phase control. This approach chops up the ac waveform as 
described in Chapter 3 and somewhat increases the motor’s noise and vibra- 
tion. Solid-state control circuits are considerably cheaper than autotransform- 
ers and so are becoming more and more common. 

3. Aresistor may be inserted in series with the motor’s stator circuit. This is the 
cheapest method of voltage control, but it has the disadvantage that consider- 
able power is lost in the resistor, reducing the overall power conversion 
efficiency. 


Another technique is also used with very high-slip motors such as shaded- 
pole motors. Instead of using a separate autotransformer to vary the voltage ap- 
plied to the stator of the motor, the stator winding itself can be used as an auto- 
transformer. Figure 10-25 shows a schematic representation of a main stator 
winding, with a number of taps along its length. Since the stator winding is 
wrapped about an iron core, it behaves as an autotransformer. 

When the full line voltage V is applied across the entire main winding, then 
the induction motor operates normally. Suppose instead that the full line voltage is 
applied to tap 2, the center tap of the winding. Then an identical voltage will be in- 
duced in the upper half of the winding by transformer action, and the total winding 
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FIGURE 10-25 

The use of a stator winding as an 
autotransformer. If voltage V is applied to the 
winding at the center tap, the total winding 
Ferromagnetic core —- voltage will be 2V. 


FIGURE 10-26 


The torque—speed characteristic of a shaded-pole induction motor as the terminal voltage is changed. 
Increases in V7 may be accomplished either by actually raising the voltage across the whole winding 
or by switching to a lower tap on the stator winding. 


voltage will be twice the applied line voltage. The total voltage applied to the wind- 
ing has effectively been doubled. 

Therefore, the smaller the fraction of the total coil that the line voltage is 
applied across, the greater the total voltage will be across the whole winding, and 
the higher the speed of the motor will be for a given load (see Figure 10-26). 

This is the standard approach used to control the speed of single-phase mo- 
tors in many fan and blower applications. Such speed control has the advantage 
that it is quite inexpensive, since the only components necessary are taps on the 
main motor winding and an ordinary multiposition switch. It also has the advan- 
tage that the autotransformer effect does not consume power the way series resis- 
tors would. 
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10.5 THE CIRCUIT MODEL OF A 
SINGLE-PHASE INDUCTION MOTOR 


As previously described, an understanding of the induced torque in a single-phase 
induction motor can be achieved through either the double-revolving-field theory 
or the cross-field theory of single-phase motors. Either approach can lead to an 
equivalent circuit of the motor, and the torque—speed characteristic can be derived 
through either method. 

This section is restricted to an examination of an equivalent circuit based on 
the double-revolving-field theory—in fact, to only a special case of that theory. 
We will develop an equivalent circuit of the main winding of a single-phase in- 
duction motor when it is operating alone. The technique of symmetrical compo- 
nents is necessary to analyze a single-phase motor with both main and auxiliary 
windings present, and since symmetrical components are beyond the scope of this 
book, that case will not be discussed. For a more detailed analysis of single-phase 
motors, see Reference 4. 

The best way to begin the analysis of a single-phase induction motor is to 
consider the motor when it is stalled. At that time, the motor appears to be just a 
single-phase transformer with its secondary circuit shorted oul, and so its equiva- 
lent circuit is that of a transformer. This equivalent circuit is shown in Figure 
10—27a. In this figure, R, and X, are the resistance and reactance of the stator 
winding, Xy is the magnetizing reactance, and R, and X, are the referred values of 
the rotor’s resistance and reactance. The core losses of the machine are not shown 
and will be lumped together with the mechanical and stray losses as a part of the 
motor’s rotational losses. 

Now recall that the pulsating air-gap flux in the motor at stall conditions can 
be resolved into two equal and opposite magnetic fields within the motor. Since 
these fields are of equal size, each one contributes an equal share to the resistive 
and reactive voltage drops in the rotor circuit. It is possible to split the rotor 
equivalent circuit into two sections, each one corresponding to the effects of one 
of the magnetic fields. The motor equivalent circuit with the effects of the forward 
and reverse magnetic fields separated is shown in Figure 10—27b. 

Now suppose that the motor’s rotor begins to turn with the help of an auxil- 
iary winding and that the winding is switched out again after the motor comes up 
to speed. As derived in Chapter 7, the effective rotor resistance of an induction 
motor depends on the amount of relative motion between the rotor and the stator 
magnetic fields. However, there are two magnetic fields in this motor, and the 
amount of relative motion differs for each of them. 

For the forward magnetic field, the per-unit difference between the rotor 
speed and the speed of the magnetic field is the slip s, where slip is defined in the 
same manner as it was for three-phase induction motors. The rotor resistance in 
the part of the circuit associated with the forward magnetic field is thus 0.5R,/s. 

The forward magnetic field rotates at speed n,,,. and the reverse magnetic 
field rotates at speed —n,,,,. Therefore, the total per-unil difference in speed (on a 
base of n,,,) between the forward and reverse magnetic fields is 2. Since the rotor 
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FIGURE 10-27 

(a) The equivalent circuit of a single-phase induction motor at standstill. Only its main windings are 
energized. (b) The equivalent circuit with the effects of the forward and reverse magnetic fields 
separated. 


is turning at a speed s slower than the forward magnetic field, the total per-unit dif- 
ference in speed between the rotor and the reverse magnetic field is 2 — s. There- 
fore, the effective rotor resistance in the part of the circuit associated with the re- 
verse magnetic field is 0.5R/(2 — 5). 

The final induction motor equivalent circuit is shown in Figure 10-28. 


Circuit Analysis with the Single-Phase Induction 
Motor Equivalent Circuit 


The single-phase induction motor equivalent circuit in Figure 10-28 is similar to 
the three-phase equivalent circuit, except that there are both forward and back- 
ward components of power and torque present. The same general power and 
torque relationships that applied for three-phase motors also apply for either the 
forward or the backward components of the single-phase motor, and the net power 
and torque in the machine is the difference between the forward and reverse 
components. 

The power-flow diagram of an induction motor is repeated in Figure 10-29 
for easy reference. 
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FIGURE 10-28 
The equivalent circuit of a single-phase induction motor running at speed with only its main 
windings energized. 
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The power-flow diagram of a single-phase induction motor. 


To make the calculation of the input current flow into the motor simpler, it 
is customary to define impedances Zp and Zs, where Zr is a single impedance 
equivalent to all the forward magnetic field impedance elements and Zz is a sin- 
gle impedance equivalent to all the backward magnetic field impedance elements 
(see Figure 10-30). These impedances are given by 


(Ro/s + JXoX JXy) 


4p Re SIRE Cee ike) + hy 


(10-5) 
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impedance elements, and therefore Rp 
must consume the same power from a 
given current as R>/s would. 


[Ro(2 — 8) + jX2( JX) 
[Ra(2 — 8) + jX2] + jXy 
In terms of Z, and Za, the current flowing in the induction motor’s stator winding is 


7 Vv 
~ R, + jX, + 05Z, + O.5Zz 


Zp = Rg + jXe = (10-6) 


I, (10-7) 

The per-phase air-gap power of a three-phase induction motor is the power 
consumed in the rotor circuit resistance 0.5R,/s. Similarly, the forward air-gap 
power of a single-phase induction motor is the power consumed by 0.5R,/s, and 
the reverse air-gap power of the motor is the power consumed by 0.5R,/(2 — 5). 
Therefore, the air-gap power of the motor could be calculated by determining the 
power in the forward resistor 0.5R,/s, determining the power in the reverse resis- 
tor 0.5R,/(2 — s), and subtracting one from the other. 

The most difficult part of this calculation is the determination of the sepa- 
rate currents flowing in the two resistors. Fortunately, a simplification of this cal- 
culation is possible. Notice that the only resistor within the circuit elements com- 
posing the equivalent impedance Z; is the resistor R,/s. Since Z, is equivalent to 
that circuit, any power consumed by Z; must also be consumed by the original cir- 
cuil, and since R,/s is the only resistor in the original circuit, its power consump- 
tion must equal that of impedance Z,. Therefore, the air-gap power for the forward 
magnetic field can be expressed as 
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Pyar = 140.5 Re) (10-8) 
Similarly, the air-gap power for the reverse magnetic field can be expressed as 
Prop = 10.5 Rp) (10-9) 


The advantage of these two equations is that only the one current J, needs to be 
calculated to determine both powers. 
The total air-gap power in a single-phase induction motor is thus 


Pao = Paar — Paces (10-10) 
The induced torque in a three-phase induction motor can be found from the 
equation 


P, 
Tid sr (10-11) 


where Py, is the net air-gap power given by Equation (10-10). 
The rotor copper losses can be found as the sum of the rotor copper losses 
due to the forward field and the rotor copper losses due to the reverse field. 


Pret = Frcue + Pacis (10-12) 


The rotor copper losses in a three-phase induction motor were equal to the per- 
unit relative motion between the rotor and the stator field (the slip) times the air- 
gap power of the machine. Similarly, the forward rotor copper losses of a single- 
phase induction motor are given by 

Pactr = SPacr (10-13) 
and the reverse rotor copper losses of the motor are given by 

Pacis = SPaca (10-14) 


Since these two power losses in the rotor are at different frequencies, the total ro- 
tor power loss is just their sum. 

The power converted from electrical to mechanical form in a single-phase 
induction motor is given by the same equation as P.,,,, for three-phase induction 
motors. This equation is 


Peony = Tina (10-15) 
Since w,, = (1 - S)@sync> this equation can be reexpressed as 
Prony = Tina — $)@yy (10-16) 
From Equation (10-11), Pag = Ting@sync» SO Peony Can also be expressed as 
Prony = (1 — S) Pag (10-17) 


As in the three-phase induction motor, the shaft output power is not equal to 
Prony, Since the rotational losses must still be subtracted. In the single-phase in- 
duction motor model used here, the core losses, mechanical losses, and stray 
losses must be subtracted from P.,,, in order to get P,,.. 


SINGLE-PHASE AND SPECIAL-PURPOSE MOTORS 663 


Example 10-1. A %4-hp, 110-V, 60-Hz, six-pole, split-phase induction motor has 
the following impedances: 


R, = 152. X, =2.102 Xy = 58.22 
Ry = 3.13.2 Xy = 1.56Q 


The core losses of this motor are 35 W, and the friction, windage, and stray losses are 16 W. 
The motor is operating at the rated voltage and frequency with its starting winding open, and 
the motor’s slip is 5 percent. Find the following quantities in the motor at these conditions: 


(a) Speed in revolutions per minute 
(6) Stator current in amperes 

(c) Stator power factor 

(d) Pig 

(e) Pac 

(f) Feosv 

(8) Ting 

(h) Pout 

(1) Tioad 

G) Efficiency 


Solution 
The forward and reverse impedances of this motor at a slip of 5 percent are 


(Ro/s + JX iXy) 
(Ry/s + JX.) + JXy 
_ 13 O05 + j1.56.O)(§58.2.0) _ 
~ .13 00.05 + j1.569) + j5820 


_ _(62.621.43° OY 58.2.0) _ 
~ (62.6 2 + f1.56Q) + j58.20 


= 39.9/50.5° O = 25.4 + j30.7 0 


Zp = Rpt jXp= (10-5) 


[R(2 mr) es IX]\(jXyy) 
[Rv(2 — s)+ jXo] + iXy 
_ G13 AOS + f1.56 O)§58.2 QD) 
~ (3.13 O/1.95 + f1.56 2) + j58.20 


__ (2.242.44.2° Oj58.2 0) 
~ (1.61.02 + f1.56Q) + f58.20 


= 2,182.45.9° O = 1.51 + /1.560 


Zp = Ry + iXp = (10-6) 


These values will be used to determine the motor current, power, and torque. 


(a) The synchronous speed of this motor is 


12 
Aeync = ah r ne soe = 1200 r/min 
Since the motor is operating at 5 percent slip, its mechanical speed is 


Ng = CL S)hsiic 
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Ay = (1 — 0.05) 1200 r/min) = 1140 r/min 
(b) The stator current in this motor is 


Vv 


l= R+5K, + 0.52, + 05Z, 


11040° V 


— 152.0 + 72.100 + 0525.40 + 730.79) + 0.511.510 + 1.560) 


° Oo 
_~__11040°V_____iMNOZOPV_ _g ge _ geo ay 


(c) The stator power factor of this motor is 
PF = cos (—50.6°) = 0.635 lagging 
(d} The input power to this motor is 
P;, = Vi cos @ 
= (110 V)(4.66 A)(0.635) = 325 W 
(e) The forward-wave air-gap power is 
Pagr = (0.5 Rp) 
= (4.66 A)*(12.7 Q) = 275.8 W 
and the reverse-wave air-gap power is 
Prop = 17(0.5 Rp) 
= (4.66 A)2(0.755 V) = 16.4 W 


Therefore, the total air-gap power of this motor is 


Pag = Pac — Praca 
= 275.8 W — 16.4 W = 259.4 W 


(f) The power converted from electrical to mechanical form is 
Pocus =U 5) Pag 
= (1 — 0.05)(259.4 W) = 246 W 


(g) The induced torque in the motor is given by 


Xe 


7. = 
Weync 


ind 


259.4 W 


= (200 miny(1 min/60 Qn rad) ~ 2O6N*m 


(h) The output power is given by 
Pon = Peony — Prot = Peony — Peore — Pech — Petray 
= 246 W — 35 W — 16 W = 195 W 
(i) The load torque of the motor is given by 
P 


out 


Toad — Dy, 


(10-7) 


(10-8) 


(10-9) 


(10-10) 


(10-17) 


(10-11) 
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195 W 


= (1140 r/min min/60 s2mradt) ~ 1-63Nem 


Gj) Finally, the efficiency of the motor at these conditions is 


ie 195 W 
1 =p. x 100% = pew 


x 100% = 60% 


10.6 OTHER TYPES OF MOTORS 


Two other types of motors—reluctance motors and hysteresis motors—are used in 
certain special-purpose applications. These motors differ in rotor construction 
from the ones previously described, but use the same stator design. Like induction 
motors, they can be built with either single- or three-phase stators. A third type of 
special-purpose motor is the stepper motor. A stepper motor requires a polyphase 
stator, but it does not require a three-phase power supply. The final special- 
purpose motor discussed is the brushless de motor, which as the name suggests 
runs on a dc power supply. 


Reluctance Motors 


A reluctance motor is a motor which depends on reluctance torque for its opera- 
tion. Reluctance torque is the torque induced in an iron object (such as a pin) in 
the presence of an external magnetic field, which causes the object to line up with 
the external magnetic field. This torque occurs because the external field induces 
an internal magnetic field in the iron of the object, and a torque appears between 
the two fields, twisting the object around to line up with the external field. In or- 
der for a reluctance torque to be produced in an object, it must be elongated along 
axes at angles corresponding to the angles between adjacent poles of the external 
magnetic field. 

A simple schematic of a two-pole reluctance motor is shown in Figure 
10-31. It can be shown that the torque applied to the rotor of this motor is pro- 
portional to sin 26, where dis the electrical angle between the rotor and the stator 
magnetic fields. Therefore, the reluctance torque of a motor is maximum when the 
angle between the rotor and the stator magnetic fields is 45°. 

A simple reluctance motor of the sort shown in Figure 10-31 is a synchro- 
nous motor, since the rotor will be locked into the stator magnetic fields as long 
as the pullout torque of the motor is not exceeded. Like a normal synchronous mo- 
tor, it has no starting torque and will not start by itself. 

A self-starting reluctance motor that will operate at synchronous speed 
until its maximum reluctance torque is exceeded can be built by modifying the 
rotor of an induction motor as shown in Figure 10-32. In this figure, the rotor has 
salient poles for steady-state operation as a reluctance motor and also has cage or 
amortisseur windings for starting. The stator of such a motor may be either of 
single- or three-phase construction. The torque—speed characteristic of this mo- 
tor, which is sometimes called a synchronous induction motor, is shown in Fig- 
ure 10-33. 
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FIGURE 10-31 
The basic concept of a reluctance motor. 


FIGURE 10-32 
The rotor design of a “synchronous induction” or self-starting 
reluctance motor. 


An interesting variation on the idea of the reluctance motor is the Syn- 
crospeed motor, which is manufactured in the United States by MagneTek, Inc. 
The rotor of this motor is shown in Figure 10-34. It uses “flux guides” to increase 
the coupling between adjacent pole faces and therefore to increase the maximum- 
reluctance torque of the motor. With these flux guides, the maximum-reluctance 
torque is increased to about 150 percent of the rated torque, as compared to just 
over 100 percent of the rated torque for a conventional reluctance motor. 


Hysteresis Motors 


Another special-purpose motor employs the phenomenon of hysteresis to produce 
a mechanical torque. The rotor of a hysteresis motor is a smooth cylinder of mag- 
netic material with no teeth, protrusions, or windings. The stator of the motor can 
be either single- or three-phase; but if it is single-phase, a permanent capacitor 
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FIGURE 10-34 


(a) The aluminum casting of a Synchrospeed motor rotor. (b) A rotor lamination from the motor. 
Notice the flux guides connecting the adjacent poles. These guides increase the reluctance torque of 
the motor. (Courtesy of MagneTek, Inc.) 
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should be used with an auxiliary winding to provide as smooth a magnetic field as 
possible, since this greatly reduces the losses of the motor. 

Figure 10-35 shows the basic operation of a hysteresis motor. When a 
three-phase (or single-phase with auxiliary winding) current is applied to the sta- 
tor of the motor, a rotating magnetic field appears within the machine. This rotat- 
ing magnetic field magnetizes the metal of the rotor and induces poles within it. 

When the motor is operating below synchronous speed, there are two 
sources of torque within it. Most of the torque is produced by hysteresis. When the 
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» 
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FIGURE 10-35 
The construction of a hysteresis motor. The main component of torque in this motor is proportional 
to the angle between the rotor and stator magnetic fields. 


magnetic field of the stator sweeps around the surface of the rotor, the rotor flux 
cannot follow it exactly, because the metal of the rotor has a large hysteresis loss. 
The greater the intrinsic hysteresis loss of the rotor material, the greater the angle 
by which the rotor magnetic field lags the stator magnetic field. Since the rotor 
and stator magnetic fields are at different angles, a finite torque will be produced 
in the motor. In addition, the stator magnetic field will produce eddy currents in 
the rotor, and these eddy currents produce a magnetic field of their own, further 
increasing the torque on the rotor. The greater the relative motion between the ro- 
tor and the stator magnetic field, the greater the eddy currents and eddy-current 
torques. 

When the motor reaches synchronous speed, the stator flux ceases to sweep 
across the rotor, and the rotor acts like a permanent magnet. The induced torque in 
the motor is then proportional to the angle between the rotor and the stator mag- 
netic field, up to a maximum angle set by the hysteresis in the rotor. 

The torque—speed characteristic of a hysteresis motor is shown in Figure 
10-36. Since the amount of hysteresis within a particular rotor is a function of 
only the stator flux density and the material from which il is made, the hysteresis 
torque of the motor is approximately constant for any speed from Zero to n,,,. The 
eddy-current torque is roughly proportional to the slip of the motor. These two 
facts taken together account for the shape of the hysteresis motor’s torque—speed 
characteristic. 
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FIGURE 10-36 
1, The torque-speed characteristic 
ue of a motor. 


FIGURE 10-37 
A small hysteresis motor with a shaded-pole stator, suitable for running an electric clock. Note the 
shaded stator poles. (Stephen J. Chapman) 


Since the torque of a hysteresis motor at any subsynchronous speed is 
greater than its maximum synchronous torque, a hysteresis motor can accelerate 
any load that it can carry during normal operation. 

A very small hysteresis motor can be built with shaded-pole stator con- 
struction to create a tiny self-starting low-power synchronous motor. Such a mo- 
tor is shown in Figure 10-37. It is commonly used as the driving mechanism in 
electric clocks. An electric clock is therefore synchronized to the line frequency of 
the power system, and the resulting clock is just as accurate (or as inaccurate) as 
the frequency of the power system to which it is tied. 
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Stepper Motors 


A stepper motor is a special type of synchronous motor which is designed to ro- 
tate a specific number of degrees for every electric pulse received by its control 
unit. Typical steps are 7.5 or 15° per pulse. These motors are used in many control 
systems, since the position of a shaft or other piece of machinery can be controlled 
precisely with them. 

A simple stepper motor and its associated control unit are shown in Figure 
10-38. To understand the operation of the stepper motor, examine Figure 10-39. 
This figure shows a two-pole three-phase stator with a permanent-magnet rotor. If 
a de voltage 1s applied to phase @ of the stator and no voltage is applied to phases 
b and c, then a torque will be induced in the rotor which causes it to line up with 
the stator magnetic field Bs, as shown in Figure 10-39b. 

Now assume that phase a is turned off and that a negative dc voltage is ap- 
plied to phase c. The new stator magnetic field is rotated 60° with respect to the 
previous magnetic field, and the rotor of the motor follows it around. By continu- 
ing this pattern, it is possible to construct a table showing the rotor position as a 
function of the voltage applied to the stator of the motor. If the voltage produced 
by the control unit changes with each input pulse in the order shown in Table 
10-1, then the stepper motor will advance by 60° with each input pulse. 

It is easy to build a stepper motor with finer step size by increasing the num- 
ber of poles on the motor. From Equation (4-31) the number of mechanical de- 
grees corresponding to a given number of electrical degrees is 

2 


6, = 5 8 (10-18) 


Since each step in Table 10-1 corresponds to 60 electrical degrees, the number of 
mechanical degrees moved per step decreases with increasing numbers of poles. 
For example, if the stepper motor has eight poles, then the mechanical angle of the 
motor’s shaft will change by 15° per step. 

The speed of a stepper motor can be related to the number of pulses into its 
control unit per unit time by using Equation (10-18). Equation (10-18) gives the 
mechanical angle of a stepper motor as a function of the electrical angle. If both 
sides of this equation are differentiated with respect to time, then we have a rela- 
tionship between the electrical and mechanical rotational speeds of the motor: 


On = Sw (10-19a) 
= 32 
or Nm = ple (10-19b) 


Since there are six input pulses per electrical revolution, the relationship between 
the speed of the motor in revolutions per minute and the number of pulses per 


minute becomes 
l 


Where Mpyjses 18 the number of pulses per minute. 
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Voc | oO | 0 
0 | 0 |-Vp_ 
0 | Vp | 0 
-Vpc| 0 | 0 
0 | 0 | Me 
0 |-Vpc| 0 


(b) (c) 


FIGURE 10-38 

(a) A simple three-phase stepper motor and its associated control unit. The inputs to the control unit 
consist of a dc power source and a control signal consisting of a train of pulses. (b) A sketch of the 
output voltage from the control unit as a series of control pulses are input. (c) A table showing the 
output voltage from the control unit as a function of pulse number. 
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(a) (b) 


(c) 


FIGURE 10-39 

Operation of a stepper motor. (a) A voltage V is applied to phase a of the stator, causing a current to 
flow in phase a and producing a stator magnetic field B,. The interaction of B, and B, produces a 
counterclockwise torque on the rotor. (b) When the rotor lines up with the stator magnetic field, the 
net torque falls to zero. (c) A voltage — V is applied to phase c of the stator, causing a current to flow 
in phase c and producing a stator magnetic field Bs. The interaction of Bp and Bs produces a 
counterclockwise torque on the rotor, causing the rotor to line up with the new position of the 
magnetic field. 


There are two basic types of stepper motors, differing only in rotor con- 
struction: permanent-magnet type and reluctance type. The permanent-magnet 
type of stepper motor has a permanent-magnet rotor, while the reluctance-type 
stepper motor has a ferromagnetic rotor which is not a permanent magnet. (The 
rotor of the reluctance motor described previously in this section is the reluctance 
type.) In general, the permanent-magnet stepper motor can produce more torque 
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TABLE 10-1 
Rotor position as a function of voltage in a two-pole stepper motor 


Phase voltages 
Input pulse number a b ¢ Rotor position 
1 0 0 0° 
2 0 -V 60° 
3 V 0 120° 
4 -V 0 0 180° 
5 0 V 240° 
6 -V 0 300° 


than the reluctance type, since the permanent-magnet stepper motor has torque 
from both the permanent rotor magnetic field and reluctance effects. 

Reluctance-type stepper motors are often built with a four-phase stator 
winding instead of the three-phase stator winding described above. A four-phase 
stator winding reduces the steps between pulses from 60 electrical degrees to 
45 electrical degrees. As mentioned earlier, the torque in a reluctance motor varies 
as sin 26, so the reluctance torque between steps will be maximum for an angle of 
45°. Therefore, a given reluctance-type stepper motor can produce more torque 
with a four-phase stator winding than with a three-phase stator winding. 

Equation (10-20) can be generalized to apply to all stepper motors, regard- 
less of the number of phases on their stator windings. In general, if a stator has N 
phases, it takes 2N pulses per electrical revolution in that motor. Therefore, the re- 
lationship between the speed of the motor in revolutions per minute and the num- 
ber of pulses per minute becomes 


1 


hn = NP Noulses 


(10-21) 

Stepper motors are very useful in control and positioning systems because 
the computer doing the controlling can know both the exact speed and position of 
the stepper motor without needing feedback information from the shaft of the mo- 
tor. For example, if a control system sends 1200 pulses per minute to the two-pole 
stepper motor shown in Figure 10-38, then the speed of the motor will be exactly 


| 
Qn = 3P Noulses (10-20) 


es eer 
= 3(2 poles)’ 1200 pulses/min) 


= 200 r/min 
Furthermore, if the initial position of the shaft is known, then the computer can de- 


termine the exact angle of the rotor shaft at any future time by simply counting the 
total number of pulses which it has sent to the control unit of the stepper motor. 
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Example 10-2. A three-phase permanent-magnet stepper motor required for one 
particular application must be capable of controlling the position of a shaft in steps of 7.5°, 
and it must be capable of running at speeds of up to 300 r/min. 


(a) How many poles must this motor have? 
(6) At what rate must control pulses be received in the motor’s control unit if it is to 
be driven at 300 r/min? 


Solution 

(a) In a three-phase stepper motor, each pulse advances the rotor’s position by 
60 electrical degrees. This advance must correspond to 7.5 mechanical degrees. 
Solving Equation (10-18) for P yields 


lees ($3) = 
P= a =2 750] = 16 poles 
(6) Solving Equation (10-21) for nous yields 
Apuises = NPA, 
= (3 phases) 16 poles)(300 r/min) 
= 240 pulses/s 
Brushless DC Motors 


Conventional de motors have traditionally been used in applications where dc 
power sources are available, such as on aircraft and automobiles. However, small 
de motors of these types have a number of disadvantages. The principal disad- 
vantage is excessive sparking and brush wear. Small, fast dc motors are too small 
to use compensating windings and interpoles, so armature reaction and L di/dt et- 
fects tend to produce sparking on their commutator brushes. In addition, the high 
rotational speed of these motors causes increased brush wear and requires regular 
maintenance every few thousand hours. If the motors must work in a low-pressure 
environment (such as at high altitudes in an aircraft), brush wear can be so bad 
that the brushes require replacement after less than an hour of operation! 

In some applications, the regular maintenance required by the brushes of 
these dc motors may be unacceptable. Consider for example a de motor in an ar- 
tificial heart—regular maintenance would require opening the patient’s chest. In 
other applications, the sparks at the brushes may create an explosion danger, or 
unacceptable RF noise. For all of these cases, there is a need for a small, fast dc 
motor that is highly reliable and has low noise and long life. 

Such motors have been developed in the last 25 years by combining a small 
motor much like a permanent magnetic stepper motor with a rotor position sensor 
and a solid-state electronic switching circuit. These motors are called brushless dc 
motors because they run from a dc power source but do not have commutators and 
brushes. A sketch of a small brushless dc motor is shown in Figure 10-40, and a 
photograph of a typical brushless dc motor is shown in Figure 10-41. The rotor is 
similar to that of a permanent magnet stepper motor, except that it is nonsalient. The 
stator can have three or more phases (there are four phases in the example shown). 
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FIGURE 10-40 


(a) A simple brushless de motor and its associated control unit. The inputs to the control unit consist 
of a dc power source and a signal proportional to the current rotor position. (b) The voltages applied 
to the stator coils. 
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(a) 


(b) 


FIGURE 10-41 


(a) Typical brushless dc motors. (b) Exploded view showing the permanent magnet rotor and a three- 
phase (6-pole) stator. (Courtesy of Carson Technologies, Inc.) 


The basic components of a brushless dc motor are 


1. A permanent magnet rotor 

2. Astator with a three-, four-, or more phase winding 

3. A rotor position sensor 

4. Anelectronic circuit to control the phases of the rotor winding 


A brushless de motor functions by energizing one stator coil at a time with 
a constant de voltage. When a coil is turned on, it produces a stator magnetic field 
B,, and a torque is produced on the rotor given by 


Tina = KBp X Bs 


which tends to align the rotor with the stator magnetic field. At the time shown in 
Figure 10-40a, the stator magnetic field B, points to the left while the permanent 
magnet rotor magnetic field Bp points up, producing a counterclockwise torque on 
the rotor. As a result the rotor will turn to the left. 
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If coil a remained energized all of the time, the rotor would turn until the 
two magnetic fields are aligned, and then it would stop, just like a stepper motor. 
The key to the operation of a brushless dc motor is that it includes a position sen- 
sor, so that the control circuit will Know when the rotor is almost aligned with the 
stator magnetic field. At that time coil a will be turned off and coil 6 will be turned 
on, causing the rotor to again experience a counterclockwise torque, and to con- 
tinue rotating. This process continues indefinitely with the coils turned on in the 
order a, b,c, d, —a, —b, —c, —d, etc., so that the motor turns continuously. 

The electronics of the control circuit can be used to control both the speed 
and direction of the motor. The net effect of this design is a motor that runs from a 
dc power source, with full control over both the speed and the direction of rotation. 

Brushless de motors are available only in small sizes, up to 20 W or so, but 
they have many advantages in the size range over which they are available. Some 
of the major advantages include: 


1. Relatively high efficiency. 

2. Long life and high reliability. 

3. Little or no maintenance. 

4. Very little RF noise compared to a dc motor with brushes. 
5. Very high speeds are possible (greater than 50,000 r/min). 


The principal disadvantage is that a brushless dc motor is more expensive than a 
comparable brush de motor. 


10.7 SUMMARY 


The ac motors described in previous chapters required three-phase power to func- 
tion. Since most residences and small businesses have only single-phase power 
sources, these motors cannot be used. A series of motors capable of running from 
a single-phase power source was described in this chapter. 

The first motor described was the universal motor. A universal motor is a se- 
ries dc motor adapted to run from an ac supply, and its torque—speed characteris- 
tic is similar to that of a series dc motor. The universal motor has a very high 
torque, but its speed regulation is very poor. 

Single-phase induction motors have no intrinsic starting torque, but once 
they are brought up to speed, their torque—speed characteristics are almost as good 
as those of three-phase motors of comparable size. Starting is accomplished by the 
addition of an auxiliary winding with a current whose phase angle differs from 
that of the main winding or by shading portions of the stator poles. 

The starting torque of a single-phase induction motor depends on the phase 
angle between the current in the primary winding and the current in the auxiliary 
winding, with maximum torque occurring when that angle reaches 90°. Since the 
split-phase construction provides only a small phase difference between the main 
and auxiliary windings, its starting torque is modest. Capacitor-start motors have 
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auxiliary windings with an approximately 90° phase shift, so they have large start- 
ing torques. Permanent split-capacitor motors, which have smaller capacitors, 
have starting torques intermediate between those of the split-phase motor and the 
Capacilor-start motor. Shaded-pole motors have a very small effective phase shift 
and therefore a small starting torque. 

Reluctance motors and hysteresis motors are special-purpose ac motors 
which can operate at synchronous speed without the rotor field windings required 
by synchronous motors and which can accelerate up to synchronous speed by 
themselves. These motors can have either single- or three-phase stators. 

Stepper motors are motors used to advance the position of a shaft or other 
mechanical device by a fixed amount each time a control pulse is received. They 
are used extensively in control systems for positioning objects. 

Brushless de motors are similar to stepper motors with permanent magnet 
rotors, except that they include a position sensor. The position sensor is used to 
switch the energized stator coil whenever the rotor is almost aligned with it, keep- 
ing the rotor rotating a speed set by the control electronics. Brushless dc motors 
are more expensive than ordinary dec motors, but require low maintenance and 
have high reliability, long life, and low RF noise. They are available only in small 
sizes (20 W and down). 


QUESTIONS 


10-1. What changes are necessary in a series dc motor to adapt it for operation from an 
ac power source? 
10-2. Why is the torque—speed characteristic of a universal motor on an ac source dif- 
ferent from the torque-speed characteristic of the same motor on a de source? 
10-3. Why is a single-phase induction motor unable to start itself without special auxil- 
iary windings? 
10-4. How is induced torque developed in a single-phase induction motor (a) according 
to the double revolving-field theory and (4) according to the cross-field theory? 
10-5. How does an auxiliary winding provide a starting torque for single-phase induc- 
tion motors? 
10-6. How is the current phase shift accomplished in the auxiliary winding of a split- 
phase induction motor? 
10-7. How is the current phase shift accomplished in the auxiliary winding of a 
capacitor-start induction motor? 
10-8. How does the starting torque of a permanent split-capacitor motor compare to that 
of a capacitor-start motor of the same size? 
10-9, How can the direction of rotation of a split-phase or capacitor-start induction mo- 
tor be reversed? 
10-10. How is starting torque produced in a shaded-pole motor? 
10-11. How does a reluctance motor start? 
10-12. How can a reluctance motor run at synchronous speed? 
10-13. What mechanisms produce the starting torque in a hysteresis motor? 
10-14. What mechanism produces the synchronous torque in a hysteresis motor? 


10-15. 
10-16. 


10-17. 


10-18. 
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Explain the operation of a stepper motor. 

What is the difference between a permanent-magnet type of stepper motor and a 
reluctance-type stepper motor? 

What is the optimal spacing between phases for a reluctance-type stepper motor? 
Why? 

What are the advantages and disadvantages of brushless dc motors compared to or- 
dinary brush de motors? 


PROBLEMS 


10-1, 


10-2. 
10-3. 


10-4, 


10-5, 


A 120-V, %4-hp, 60-Hz, four-pole, split-phase induction motor has the following 
impedances: 


R, = 1.80 X, = 2.402 Xy = 602 
Ry = 2.502 X% = 2.400 


Ata slip of 0.05, the motor’s rotational losses are 51 W. The rotational losses may 
be assumed constant over the normal operating range of the motor. If the slip is 
0.05, find the following quantities for this motor: 

(a) Input power 

(b) Air-gap power 

(c) P cae 

(d) Pow 

(€) Tina 

(f) Toad 

(g) Overall motor efficiency 

(h) Stator power factor 

Repeat Problem 10-1 for a rotor slip of 0.025. 

Suppose that the motor in Problem 10-1 is started and the auxiliary winding fails 
open while the rotor is accelerating through 400 r/min. How much induced torque 
will the motor be able to produce on its main winding alone? Assuming that the ro- 
tational losses are still 51 W, will this motor continue accelerating or will it slow 
down again? Prove your answer. 

Use MATLAB to calculate and plot the torque—speed characteristic of the motor in 
Problem 10-1, ignoring the starting winding. 

A 220-V, 1.5-hp, 50-Hz, two-pole, capacitor-start induction motor has the follow- 
ing main-winding impedances: 


R, = 1402 X,= 1902 Xy = 1002 
R, = 1.50Q X> = 190 


Ata slip of 0.05, the motor’s rotational losses are 291 W. The rotational losses may 
be assumed constant over the normal operating range of the motor. Find the fol- 
lowing quantities for this motor at 5 percent slip: 

(a) Stator current 

(b) Stator power factor 

(c) Input power 

(d) Pas 

(e) PSiv 
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10-6. 


10-7. 


10-8. 


10-9, 


10-10. 


) Pow 

(2) Tind 

(h) Thoad 

(i) Efficiency 

Find the induced torque in the motor in Problem 10-5 if it is operating at 5 percent 
slip and its terminal voltage is (a) 190 V, (6) 208 V, (c) 230 V. 

What type of motor would you select to perform each of the following jobs? Why? 
(a) Vacuum cleaner 

(b) Refrigerator 

(c) Air conditioner compressor 

(d) Air conditioner fan 

(e) Variable-speed sewing machine 

(f) Clock 

(g) Electric drill 

For a particular application, a three-phase stepper motor must be capable of step- 
ping in 10° increments. How many poles must it have? 

How many pulses per second must be supplied to the control unit of the motor in 
Problem 10-8 to achieve a rotational speed of 600 r/min? 

Construct a table showing step size versus number of poles for three-phase and 
four-phase stepper motors. 
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APPENDIX 


A 


THREE-PHASE 
CIRCUITS 


Imost all electric power generation and most of the power transmission in the 

world today is in the form of three-phase ac circuits. A three-phase ac power 
system consists of three-phase generators, transmission lines, and loads. AC 
power systems have a great advantage over dc systems in that their voltage levels 
can be changed with transformers to reduce transmission losses, as described in 
Chapter 2. Three-phase ac power systems have two major advantages over single- 
phase ac power systems: (1) it is possible to get more power per kilogram of metal 
from a three-phase machine and (2) the power delivered to a three-phase load is 
constant at all times, instead of pulsing as it does in single-phase systems. Three- 
phase systems also make the use of induction motors easier by allowing them to 
start without special auxiliary starting windings. 


A.l GENERATION OF THREE-PHASE 
VOLTAGES AND CURRENTS 


A three-phase generator consists of three single-phase generators, with voltages 
equal in magnitude but differing in phase angle from the others by 120° Each of 
these three generators could be connected to one of three identical loads by a pair 
of wires, and the resulting power system would be as shown in Figure A—Ic. Such 
a system consists of three single-phase circuits that happen to differ in phase an- 
gle by 120°The current flowing to each load can be found from the equation 


Vv 


I=F 


(A-1) 
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va(t) = V¥2 Vsin wt V 


Va(?) 
Vy = VZ 0° V 


va(t) = ¥2 Vsin (wt 120°) V 
Va(t) 
Ve =VZ-120°V 


vo(t) = ¥2 Vsin (wt- 240°) V 


¥c(t) 
Ve =V 2 -240° V 


(a) 


Volts 


¥4(f) vp(t) Yet) 


va(?) =) Z=226 
in) 

a(t) (~) Z=Z26 
aly 


vet (WL) L=2Z0 


(c) 


FIGURE A-1 

(a) A three-phase generator, consisting of three single-phase sources equal in magnitude and 120° 
apart in phase. (b) The voltages in each phase of the generator. (c) The three phases of the generator 
connected to three identical loads. 
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Ve 


Va 


Vp 
(d) 


FIGURE A-1 (concluded) 
(d) Phasor diagram showing the voltages in each phase. 


I, 


FIGURE A-2 
The three circuits connected together with a common neutral. 


Therefore, the currents flowing in the three phases are 


VEO x. _— _ 
Lh=3_ 712-8 (A-2) 
= VZ-120" 2 _ en —— 
lp = 59 = 14-120" - 6 (A-3) 
los BIL 240° - 6 (A-4) 


It is possible to connect the negative ends of these three single-phase gener- 
ators and loads together, so that they share a common return line (called the neu- 
tral). The resulting system is shown in Figure A—2: note that now only four wires 
are required to supply power from the three generators to the three loads. 

How much current is flowing in the single neutral wire shown in Figure 
A-2? The return current will be the sum of the currents flowing to each individ- 
ual load in the power system. This current is given by 
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= 1Z-60+ I1Z—@ — 120° + 12-6 — 240° 
= I cos (—@) + ji sin (—@) 
+ I cos (—@— 120°) + jl'sin (—@ — 120°) 
+ I cos (—@ — 240°) + ji sin (—@ — 240°) 
= I [cos (—@) + cos (—@ — 120°) + cos (—@ — 240°)] 
+ jI [sin (—@) + sin (—@ — 120°) + sin (-—@ — 240°)] 
Recall the elementary trigonometric identities: 
cos (a — B) =cos acos B+ sin asin B (A-6) 
sin (a — B) = sina cos B — cos asin B {(A-7) 
Applying these trigonometric identities yields 


Iy = /[cos (—@) + cos (— 8) cos 120° + sin (—@) sin 120° + cos (— @) cos 240° 
+ sin (— @) sin 240°] 
+ jilsin (—6@) + sin (—@) cos 120° — cos (—@) sin 120° 
+ sin (—@) cos 240° — cos (—@) sin 240°] 


3 3 
ly= i)eos (-6@) - + cos (-0) + se sin (-98) “4 cos (— 8) — MB sin -6)| 


3 3 
+ i in (-8) — 3 sin (-@) - cos (-8) - + sin (6) + Boos 6) 
IyV=O0A 


As long as the three loads are equal, the return current in the neutral is 
zero! A three-phase power system in which the three generators have voltages that 
are exactly equal in magnitude and 120° different in phase, and in which all three 
loads are identical, is called a balanced three-phase system. In such a system, the 
neutral is actually unnecessary, and we could get by with only three wires instead 
of the original six. 


PHASE SEQUENCE. The phase sequence of a three-phase power system is the 
order in which the voltages in the individual phases peak. The three-phase power 
system illustrated in Figure A—1 is said to have phase sequence abc, since the volt- 
ages in the three phases peak in the order a, b, c (see Figure A—-1b). The phasor di- 
agram of a power system with an abc phase sequence is shown in Figure A—3a. 

It is also possible to connect the three phases of a power system so that the 
voltages in the phases peak in order the order a, c, b. This type of power system is 
said to have phase sequence acb. The phasor diagram of a power system with an 
acb phase sequence is shown in Figure A—3b. 

The result derived above is equally valid for both abc and acb phase 
sequences. In either case, if the power system is balanced, the current flowing in 
the neutral will be 0. 
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Vp Ve 
(a) (b) 


FIGURE A-3 
(a) The phase voltages in a power system with an abc phase sequence. (b) The phase voltages in a 
power system with an ach phase sequence. 


A.2) VOLTAGES AND CURRENTS 
IN A THREE-PHASE CIRCUIT 


A connection of the sort shown in Figure A—2 is called a wye (Y) connection be- 
cause it looks like the letter Y. Another possible connection is the delta (A) con- 
nection, in which the three generators are connected head to tail. The A connec- 
tion is possible because the sum of the three voltages V, + Vg + V- = 0, so that 
no short-circuit currents will flow when the three sources are connected head to 
tail. 

Each generator and each load in a three-phase power system may be either 
Y- or A-connected. Any number of Y- and A-connected generators and loads may 
be mixed on a power system. 

Figure A-4 shows three-phase generators connected in Y and in A. The volt- 
ages and currents in a given phase are called phase quantities, and the voltages be- 
tween lines and currents in the lines connected to the generators are called line 
quantities. The relationship between the line quantities and phase quantities for a 
given generator or load depends on the type of connection used for that generator 
or load. These relationships will now be explored for each of the Y and A 
connections. 


Voltages and Currents in the Wye (Y) Connection 


A Y-connected three-phase generator with an abc phase sequence connected to a 
resistive load is shown in Figure A-5. The phase voltages in this generator are 
given by 

ve _ V4Z0° 

Vin = Vg2— 120° (A-8) 

Vien = Vg2—240° 
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{a) 


FIGURE A-4 
(a) Y connection. (b) A connection. 


Resistive 


load 


FIGURE A-5 
Y-connected generator with a resistive load. 


Since the load connected to this generator is assumed to be resistive, the 
current in each phase of the generator will be at the same angle as the voltage. 
Therefore, the current in each phase will be given by 

a= 1,Z0° 
I, = 1,4 —120° (A-9) 
I, = 142 -240° 
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FIGURE A-6 
Line-to-line and phase (line-to-neutral) 
voltages for the Y connection in Figure A—-5. 


From Figure A-5, it is obvious that the current in any line is the same as the 
current in the corresponding phase. Therefore, for a Y connection, 


i= ly Y connection (A-10) 


The relationship between line voltage and phase voltage is a bit more complex. By 
Kirchhoff’s voltage law, the line-to-line voltage V,, is given by 


Vo=Vi-YV, 
= Vy 20° — VgZ—120° 
_ 1 Wo cay 8 V3 
=¥,-(-}% -19= %) =5 %etiz Ys 
V3 1 
: Vive (S443 
= V3V42.30° 


Therefore, the relationship between the magnitudes of the line-to-line voltage and 
the line-to-neutral (phase) voltage in a Y-connected generator or load is 


Vir = V3V¢6 Y connection (A-11) 


In addition, the line voltages are shifted 30° with respect to the phase voltages. 
A phasor diagram of the line and phase voltages for the Y connection in Figure 
A-5 is shown in Figure A-6. 

Note that for Y connections with the abc phase sequence such as the one in 
Figure A-—5, the voltage of a line /eads the corresponding phase voltage by 30°. 
For Y connections with the acb phase sequence, the voltage of a line fags the cor- 
responding phase voltage by 30°, as you will be asked to demonstrate in a prob- 
lem at the end of the appendix. 
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Resistive 


Load 


FIGURE A-7 
A-connected generator with a resistive load. 


Although the relationships between line and phase voltages and currents for 
the Y connection were derived for the assumption of a unity power factor, they are 
in fact valid for any power factor. The assumption of unity-power-factor loads 
simply made the mathematics slightly easier in this development. 


Voltages and Currents in the Delta (A) Connection 


A A-connected three-phase generator connected to a resistive load is shown in 
Figure A—7. The phase voltages in this generator are given by 
Vb = V,Z0° 
V,. = Vg4—120° (A-12) 
Vi a VgZ—240° 
Because the load is resistive, the phase currents are given by 
L» = Is 20° 
I. = Ig 2—120° (A-13) 
Iq = 1 2—240° 


In the case of the A connection, it is obvious that the line-to-line voltage between 
any two lines will be the same as the voltage in the corresponding phase. Jn a 


A connection, 


The relationship between line current and phase current is more complex. It can 
be found by applying Kirchhoff’s current law at a node of the A. Applying Kirch- 
hotf’s current law to node A yields the equation 


I, a La == | 
= [420° ie Iy2—240° 
1 V3 3 es, 
= 15 ($1 +i] = 516 —i-z Is 
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FIGURE 2-8 
Line and phase currents for the A connection 
in Figure A-7. 


Table A-1 
Summary of relationships in Y and A connections 


Y connection A connection 

Voltage magnitudes Vu = V3 Ve Vin = Vg 
Current magnitudes =I L=vV3, 
abc phase sequence V_, leads V,, by 30° I, lags 1, by 30° 
acb phase sequence V., lags V, by 30° 1, leads I, by 30° 

= V3 I v3 -—}; I 

sia Op eae 
_ V 3142 —30° 


Therefore, the relationship between the magnitudes of the line and phase currents 
in a A-connected generator or load is 


I,= V3l, | Aconnection (A-15) 


and the line currents are shifted 30° relative to the corresponding phase currents. 
Note that for A connections with the abc phase sequence such as the one 
shown in Figure A—7, the current of a line /ags the corresponding phase current by 
30° (see Figure A-8). For A connections with the acb phase sequence, the current 
of a line /eads the corresponding phase current by 30°. 
The voltage and current relationships for Y- and A-connected sources and 
loads are summarized in Table A-1. 
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| if) 


FIGURE A-9 
A balanced Y-connected load. 


A.3 POWER RELATIONSHIPS IN 
THREE-PHASE CIRCUITS 


Figure A-9 shows a balanced Y-connected load whose phase impedance is 
Zy = ZZ6°. If the three-phase voltages applied to this load are given by 


Vanit) = V/2V sin wt 
Vin(t) = V2V sin(wt — 120°) (A-16) 
Ven(t) = W2V sin(wt — 240°) 
then the three-phase currents flowing in the load are given by 
i(t) = V21 sin(wt — 6) 
i,t) = 21 sin(wt — 120° — 6) (A-17) 
i(t) = V/2I sin(wt — 240° — @) 


where J = V/Z. How much power is being supplied to this load from the source? 
The instantaneous power supplied to one phase of the load is given by the 


equation 
p(t) = v(ni(t) (A-18) 


Therefore, the instantaneous power supplied to each of the three phases is 
Palt) = Van(Oi(t) = 2VI sin(wt) sin(wt — 6) 
Pelt) = Vp, (ti) = 2VI sin(wt — 120°) sin(wt — 120° — @) (A-19) 
PAL) = Vq(Di Mt) = 2VI sin(wt — 240°) sin(wt — 240° — @) 


A trigonometric identity states that 
sing sin B = S{eosta — B) — cos(a@a — B)] (A-20) 


Applying this identity to Equations (A—19) yields new expressions for the power 
in each phase of the load: 
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——-—--— Phase A 


FIGURE A-10 
Instantaneous power in phases a, 6, and c, plus the total power supplied to the load. 


P(t) = Vi[cos @ — cos(2wt — 8)] 
P(t) = Vilcos @ — cos(2@t — 240° — @)] (A-21) 
PAt) = Vilcos @ — cos(2@t — 480° — @)] 


The total power supplied to the entire three-phase load is the sum of the 
power supplied to each of the individual phases. The power supplied by each 
phase consists of a constant component plus a pulsing component. However, the 
pulsing components in the three phases cancel each other out since they are 120° 
out of phase with each other, and the final power supplied by the three-phase 
power system is constant. This power is given by the equation: 


Prot) = Palt) + palt) + pelt) = 3VI cos @ (A-22) 


The instantaneous power in phases a, 6, and c are shown as a function of time 
in Figure A-10. Note that the total power supplied to a balanced three-phase load 
is constant at all times. The fact that a constant power is supplied by a three-phase 
power system is one of its major advantages compared to single-phase sources. 


Three-Phase Power Equations Involving 
Phase Quantities 


The single-phase power Equations (1-60) to (1-66) apply to each phase of a Y- or 
A-connected three-phase load, so the real, reactive, and apparent powers supplied 
to a balanced three-phase load are given by 


692 ELECTRIC MACHINERY FUNDAMENTALS 


P = 3V41,cos @ (A-23) 


Q = 3V4 14 sin 6 (A-24) 
S = 3V gl, (A-25) 
P = 313Z cos 0 (A-26) 
S= 313Z (A-28) 


The angle @ is again the angle between the voltage and the current in any 
phase of the load (it is the same in all phases), and the power factor of the load is 
the cosine of the impedance angle @. The power-triangle relationships apply as well. 


Three-Phase Power Equations Involving 
Line Quantities 


It is also possible to derive expressions for the power in a balanced three-phase 
load in terms of line quantities. This derivation must be done separately for Y- and 
A-connected loads, since the relationships between the line and phase quantities 
are different for each type of connection. 

For a Y-connected load, the power consumed by a load is given by 


a) 


= 3V,4 14 cos 6 (A-23) 


For this type of load, J, = I, and V;, = /3V4, so the power consumed by the 
load can also be expressed as 


Vin 
= 3/—~ 
P=; (<4) I,cos @ 
P= V/3V,, 1, cos 8 (A-29) 


For a A-connected load, the power consumed by a load is given by 


= 3V, 1, cos 6 (A-23) 


a~ 


For this type of load, J, = +/3/4 and V;, = V4, so the power consumed by the 
load can also be expressed in terms of line quantities as 


=3V ( “ 6 
=3Vu\ 5 Cos 
= V3V,,1, cos 6 (A-29) 


~~ 
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This is exactly the same equation that was derived for a Y-connected load, so 
Equation (A—29) gives the power of a balanced three-phase load in terms of line 
quantities regardless of the connection of the load. The reactive and apparent 
powers of the load in terms of line quantities are 


It is important to realize that the cos @ and sin @ terms in Equations (A—29) 
and (A—30) are the cosine and sine of the angle between the phase voltage and the 
phase current, not the angle between the line-to-line voltage and the line current. 
Remember that there is a 30° phase shift between the line-to-line and phase volt- 
age for a Y connection, and between the line and phase current for a A connection, 
so it is important not to take the cosine of the angle between the line-to-line volt- 
age and line current. 


A.4 ANALYSIS OF BALANCED 
THREE-PHASE SYSTEMS 


If a three-phase power system is balanced, it is possible to determine the voltages, 
currents, and powers at various points in the circuit with a per-phase equivalent 
circuit. This idea 1s illustrated in Figure A-11. Figure A-11a shows a Y-connected 
generator supplying power to a Y-connected load through a three-phase trans- 
mission line. 

In such a balanced system, a neutral wire may be inserted with no effect on 
the system, since no current flows in that wire. This system with the extra wire in- 
serted is shown in Figure A-I 1b. Also, notice that each of the three phases is iden- 
tical except for a 120° shift in phase angle. Therefore, it is possible to analyze a 
circuit consisting of one phase and the neutral, and the results of that analysis will 
be valid tor the other two phases as well if the 120° phase shift is included. Such 
a per-phase circuit is shown in Figure A-I Ic. 

There is one problem associated with this approach, however. It requires 
that a neutral line be available (at least conceptually) to provide a return path for 
current flow from the loads to the generator. This is fine for Y-connected sources 
and loads, but no neutral can be connected to A-connected sources and loads. 

How can A-connected sources and loads be included in a power system to 
be analyzed? The standard approach is to transform the impedances by the Y-A 
transform of elementary circuit theory. For the special case of balanced loads, the 
Y—A transformation states that a A-connected load consisting of three equal im- 
pedances, each of value Z, is totally equivalent to a Y-connected load consisting 
of three impedances, each of value Z/3 (see Figure A-12). This equivalence 
means that the voltages, currents, and powers supplied to the two loads cannot be 
distinguished in any fashion by anything external to the load itself. 


694 ELECTRIC MACHINERY FUNDAMENTALS 


Transmission line 


FIGURE A-11 
(a) A Y-connected generator and load. (b) System with neutral inserted. (c) The per-phase equivalent 
circuit. 


THREE-PHASE CIRCUITS 695 


FIGURE A-12 
Y-A transformation. A Y-connected impedance of Z/3 2 is totally equivalent to a A-connected 
impedance of Z Q to any circuit connected to the load’s terminals. 


0.062 0.122 


Ven = 120.2-240° Von = 12020° 


208 V 


Vin = 1202-120° 
0.069 0.122 


FIGURE A-13 
The three-phase circuit of Example A-1. 


If A-connected sources or loads include voltage sources, then the magni- 
tudes of the voltage sources must be scaled according to Equation (A-11), and the 
effect of the 30° phase shift must be included as well. 


Example A-1. A 208-V three-phase power system is shown in Figure A-13. It 
consists of an ideal 208-V Y-connected three-phase generator connected through a three- 
phase transmission line to a Y-connected load. The transmission line has an impedance of 
0.06 + f0.12 O per phase, and the load has an impedance of 12 + #9 © per phase. For this 
simple power system, find 


(a) The magnitude of the line current J; 
(b) The magnitude of the load’s line and phase voltages V,, and V4, 
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0.062 j0.12 2 


FIGURE A-14 
Per-phase circuit in Example A-1. 


(c) The real, reactive, and apparent powers consumed by the load 

(@) The power factor of the load 

(e) The real, reactive, and apparent powers consumed by the transmission line 
(f) The real, reactive, and apparent powers supplied by the generator 

(g) The generator’s power factor 


Solution 
Since both the generator and the load on this power system are Y-connected, it is very sim- 
ple to construct a per-phase equivalent circuit. This circuit is shown in Figure A-14. 


(a) The line current flowing in the per-phase equivalent circuit is given by 


a 
Tia Dice 
_ 120 20° V 
~ (0.06 + 70.12 2) + (12 + 790) 
120 20° 120 20° 


~ 12.06 + 79.12 15.122.37.1° 
= 7.942 —-37.1°A 


The magnitude of the line current is thus 7.94 A. 
(b) The phase voltage on the load is the voltage across one phase of the load. This 
voltage is the product of the phase impedance and the phase current of the load: 


Vou = WpiZen 
= (7.942 —37.1° A\(12 + 9 QO) 
= (7.942 —37.1° AW 15236.9° D) 
= 119.12-0.2°V 
Therefore, the magnitude of the load’s phase voltage is 
Ver = 119.1 V 
and the magnitude of the load’s line voltage is 
Vit = V3Veu = 206.3 V 
(c) The real power consumed by the load is 
Proad = 3V ely cos 0 
= 3(119.1 V)(7.94 A) cos 36.9° 
= 2270 W 
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The reactive power consumed by the load is 
road = 3Vels sin @ 
= 3(119.1 V)(7.94 A) sin 36.9° 
= 1702 var 


The apparent power consumed by the load is 
Shoad _ 3Veals 
= 3(119.1 V)\(7.94 A) 
= 2839 VA 


(d) The load power factor is 
PFiag = COS @ = cos 36.9° = 0.8 lagging 


(e) The current in the transmission line is 7.94 —37.1 A, and the impedance of the 
line is 0.06 + 70.12 2 or 0.1342.63.4° Q per phase. Therefore, the real, reac- 
tive, and apparent powers consumed in the line are 

Prine = 31ZZ cos O (A-26) 
= 3(7.94 A) (0.134 2) cos 63.4° 
=11.3W 

line = 31$Z sin O (A-27) 
= 3(7.94 A) (0.134 2) sin 63.4° 
= 22.7 var 

Stine = 313Z (A-28) 
= 3(7.94 A)’ (0.134 Q) 
= 25.3 VA 

(f) The real and reactive powers supplied by the generator are the sum of the pow- 

ers consumed by the line and the load: 
Poea = Paine + Proa 
= 11.3 W + 2270 W = 2281 W 
Qren = Dine + Qroad 
= 22.7 var + 1702 var = 1725 var 


The apparent power of the generator is the square root of the sum of the squares 
of the real and reactive powers: 


Sgea = WP on + Onn = 2860 VA 
(g) From the power triangle, the power-factor angle @ is 


Oren = tan7! rea = tan"! ize VBR 
gen Pe 2281 W 


= 37.1° 


Therefore, the generator’s power factor is 
PF yen = COS 37.1° = 0.798 lagging 
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0.062 0.120 


0.069 0.120 
Z,=12+)9 0 


Vin = 120 2 -240° V Von = 120 20° V 


Vr, = 208 V 


Vin = 120 Z -120° V 
0.062 j0.12 2 


FIGURE A-15 
Three-phase circuit in Example A-2. 


0.069 +/0.12.0 


FIGURE A-16 
Per-phase circuit in Example A-2. 


Example A-2. Repeat Example A—1 for a A-connected load, with everything else 
unchanged. 


Solution 
This power system is shown in Figure A-15. Since the load on this power system is A con- 
nected, it must first be converted to an equivalent Y form. The phase impedance of the A- 
connected load is 12 + 79 D so the equivalent phase impedance of the corresponding Y 
form is 


Za 


Ly=3 


4+j30 


The resulting per-phase equivalent circuit of this system is shown in Figure A-16. 
(a) The line current flowing in the per-phase equivalent circuit is given by 


eee ae 
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_ 1202.0° V 
(0.06 + 70.129) +(4+j39) 


_ 120208 _ 12020 
4.06 +7312  5.12237.5° 


= 23.42—-37.5°A 


The magnitude of the line current is thus 23.4 A. 

(b) The phase voltage on the equivalent Y load is the voltage across one phase of 
the load. This voltage is the product of the phase impedance and the phase cur- 
rent of the load: 

Vou = WyZor 
= (23.42 —37.5° Ay4 + j3.2) 
= (23.44 —37.5° AX(5236.9° O) = 1172 -0.6° V 
The original load was A connected, so the phase voltage of the original load is 
Ven = V3 (117 V) = 203 V 
and the magnitude of the load’s line voltage is 


(c) The real power consumed by the equivalent Y load (which is the same as the 
power in the actual load) is 


Prod = 3Vglg cos 0 
= 3(117 V)(23.4 A) cos 36.9° 
= 6571 W 
The reactive power consumed by the load is 
Acad = 3V oly sin 0 
= 3(117 V)(23.4 A) sin 36.9° 
= 4928 var 


The apparent power consumed by the load is 
Stood = 3Volg 
= 3(117 V)(23.4 A) 
= 8213 VA 
(d) The load power factor is 
PFioag = COS O = cos 36.9° = 0.8 lagging 


(e) The current in the transmission is 23.42 —37.5° A, and the impedance of 
the line is 0.06 + j0.12 Q or 0.134263.4° O per phase. Therefore, the real, re- 
active, and apparent powers consumed in the line are 


Pine = 313Z cos 0 (A-26) 
= 3(23.4 A)2(0.134 Q) cos 63.4° 
= 98.6 W 
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Qiine = 3/3Z sin 0 (A-27) 
= 3(23.4 AY(0.134 1) sin 63.4° 
= 197 var 

Stine = 313Z (A-28) 
= 3(23.4 A)*(0.134 0) 
= 220 VA 


(f) The real and reactive powers supplied by the generator are the sums of the pow- 
ers consumed by the line and the load: 


Pen = Prine + Proad 

= 98.6 W + 6571 W = 6670 W 
Qyen = Prine + Qroad 

= 197 var + 4928 VAR = 5125 var 


The apparent power of the generator is the square root of the sum of the squares 
of the real and reactive powers: 


Sen = VPZ, + Of, = 8411 VA 
(g) From the power triangle, the power-factor angle @ is 


Deen 5125 var 
= fan tee = tan-! = ° 
Oyen = tan P, an" 6670 W 37.6 


Therefore, the generator’s power factor is 


PF... = cos 37.6° = 0.792 lagging 


A.5 ONE-LINE DIAGRAMS 


As we have seen in this chapter, a balanced three-phase power system has three 
lines connecting each source with each load, one for each of the phases in the 
power system. The three phases are all similar, with voltages and currents equal in 
amplitude and shifted in phase from each other by 120°. Because the three phases 
are all basically the same, it is customary to sketch power systems in a simple 
form with a single line representing all three phases of the real power system. 
These one-line diagrams provide a compact way to represent the interconnections 
of a power system. One-line diagrams typically include all of the major compo- 
nents of a power system, such as generators, transformers, transmission lines, and 
loads with the transmission lines represented by a single line. The voltages and 
types of connections of each generator and load are usually shown on the diagram. 
A simple power system is shown in Figure A-17, together with the corresponding 
one-line diagram. 


A.6 USING THE POWER TRIANGLE 


If the transmission lines in a power system can be assumed to have negligible im- 
pedance, then an important simplification is possible in the calculation of three- 
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Generator Load | Load 2 


(a) 


Bus 1 


A connected 


Y¥ connected Y connected 


(b) 


FIGURE 2-17 
(a) Asimple power system with a Y-connected generator, a A-connected load, and a Y-connected 
load. (b) The corresponding one-line diagram. 


phase currents and powers. This simplification depends on the use of the real and 
reactive powers of each load to determine the currents and power factors at vari- 
ous points in the system. 

For example, consider the simple power system shown in Figure A-17. If 
the transmission line in that power system is assumed to be lossless, the line volt- 
age at the generator will be the same as the line voltage at the loads. If the gener- 
ator voltage is specified, then we can find the current and power factor at any 
point in this power system as follows: 


1. Determine the line voltage at the generator and the loads. Since the transmis- 
sion line is assumed to be lossless, these two voltages will be identical. 

2. Determine the real and reactive powers of each load on the power system. 
We can use the known load voltage to perform this calculation. 

3. Find the total real and reactive powers supplied to all loads “downstream” 
from the point being examined. 
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Bus A 


Delta connected 
Ly = 1030°0 


Wye connected 


three-phase Ly =5.2-36.87°O, 


FIGURE A-18 
The system in Example A-3. 


4. Determine the system power factor at that point, using the power-triangle 
relationships. 


5. Use Equation (A—29) to determine line currents, or Equation (A—23) to de- 
termine phase currents, at that point. 


This approach 1s commonly employed by engineers estimating the currents 
and power flows at various points on distribution systems within an industrial 
plant. Within a single plant, the lengths of transmission lines will be quite short 
and their impedances will be relatively small, and so only small errors will occur 
if the impedances are neglected. An engineer can treat the line voltage as constant, 
and use the power triangle method to quickly calculate the effect of adding a load 
on the overall system current and power factor. 


Example A-3. Figure A—-18 shows a one-line diagram of a small 480-V industrial 
distribution system. The power system supplies a constant line voltage of 480 V, and the 
impedance of the distribution lines is negligible. Load 1 is a A-connected load with a phase 
impedance of 10230° 2, and load 2 is a Y-connected load with a phase impedance of 
52 —36.87° 0. 


(a) Find the overall power factor of the distribution system. 
(b) Find the total line current supplied to the distribution system. 


Solution 
The lines in this system are assumed impedanceless, so there will be no voltage drops 
within the system. Since load 1 is A connected, its phase voltage will be 480 V. Since load 
2 is Y connected, its phase voltage will be 480/+/3 = 277 V. 

The phase current in load 1 is 


Therefore, the real and reactive powers of load 1 are 
P, = 3V eile: cos @ 
= 3(480 V)(48 A) cos 30° = 59.9 kW 
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0; = 3V ol oi sin é 
= 3(480 V)(48 A) sin 30° = 34.6 kvar 


The phase current in load 2 is 


Therefore, the real and reactive powers of load 2 are 
Py = 3Vegal go cos 0 
= 3(277 V)(55.4 A) cos(—36.87°) = 36.8 kW 
Q, = 3V gol g sin @ 
= 3(277 V)(55.4 A) sin(—36.87°) = —27.6 kvar 
(a) The total real and reactive powers supplied by the distribution system are 


Pru = Py + Po 
= 59.9 kW + 36.8 kW = 96.7 kW 
Qo = G1 + Q) 


= 34.6 kvar — 27.6 kvar = 7.00 kvar 
From the power triangle, the effective impedance angle @ is given by 


Q 


= tan“! 


, 7.00 kvar 
06.7 kW 
The system power factor is thus 


PF = cos @ = cos(4.14°) = 0.997 lagging 


= tan- = 4,14° 


(b) The total line current is given by 


a 
V3V, cos @ 
__ 96.7kW 
* ~ V73(480 V)(0.997) 


QUESTIONS 


A-1. What types of connections are possible for three-phase generators and loads? 

A-2. What is meant by the term “balanced” in a balanced three-phase system? 

A-3. What is the relationship between phase and line voltages and currents for a wye (Y) 
connection? 

A—4. What is the relationship between phase and line voltages and currents for a delta (A) 
connection? 

A-5. What is phase sequence? 

A-6. Write the equations for real, reactive, and apparent power in three-phase circuits, in 
terms of both line and phase quantities. 

A-7. What is a Y—A transform? 
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PROBLEMS 


A-1. Three impedances of 4 + j3 © are A connected and tied to a three-phase 208-V 
power line. Find /,, /,, P, Q, 5, and the power factor of this load. 

A-2. Figure PA—1 shows a three-phase power system with two loads. The A-connected 
generator is producing a line voltage of 480 V, and the line impedance is 0.09 + 
J0.16 ©. Load 1 is Y connected, with a phase impedance of 2.52.36.87° 0 and load 
2 is A connected, with a phase impedance of 52 —20° 0. 


Lt go9.0 j0.160 ta 


———t- 


Vig = 480.2-240° V 


Vpe = 480.2—-120° V 0.090 0.162 
0.092 f0.162 
Generator Load | Load 2 
Zo = 2.5236.87° 0 
£62 = 52Z-20°0 
FIGURE PA-1 


The system in Problem A-2. 


(a) What is the line voltage of the two loads? 

(b) What is the voltage drop on the transmission lines? 

(c) Find the real and reactive powers supplied to each load. 

(d) Find the real and reactive power losses in the transmission line. 

(e) Find the real power, reactive power, and power factor supplied by the generator. 

A-3. Figure PA—2 shows a one-line diagram of a simple power system containing a sin- 

gle 480-V generator and three loads. Assume that the transmission lines in this 

power system are lossless, and answer the following questions. 

(a) Assume that Load 1 is Y connected. What are the phase voltage and currents in 
that load? 

(b) Assume that Load 2 is A connected. What are the phase voltage and currents in 
that load? 

(c) What real, reactive, and apparent power does the generator supply when the 
switch is open? 

(d) What is the total line current J, when the switch is open? 

(e) What real, reactive, and apparent power does the generator supply when the 
switch is closed? 
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fl 
100 kW 
0.9 PF lagging 
480 V 80 kVA 
¥ connected 0.8 PF lagging 
80 kW 
4 0.85 PF leading 
FIGURE PA-2 


The power system in Problem A-3. 


(f) What is the total line current /, when the switch is closed? 
(g) How does the total line current /; compare to the sum of the three individual 
currents /, + /, + /,? If they are not equal, why not? 

A-4. Prove that the line voltage of a Y-connected generator with an acb phase sequence 
lags the corresponding phase voltage by 30°. Draw a phasor diagram showing the 
phase and line voltages for this generator. 

A-5. Find the magnitudes and angles of each line and phase voltage and current on the 
load shown in Figure PA-3. 


Vin = 12020° V 


Von = 120.2-120° V 


FIGURE PA-3 
The system in Problem A-5. 


A-6. Figure PA-4 shows a one-line diagram of a small 480-V distribution system in an 
industrial plant. An engineer working at the plant wishes to calculate the current that 
will be drawn from the power utility company with and without the capacitor bank 
switched into the system. For the purposes of this calculation, the engineer will as- 
sume that the lines in the system have zero impedance. 

(a) If the switch shown is open, find the real, reactive, and apparent powers in the 
system. Find the total current supplied to the distribution system by the utility. 
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Delta connected 
Z ¢ =10230° 


Wye connected 
Ly =4236.87° D 


| Capacitor | Wye connected 
“T_ ‘bank Zp =52-90°2 


FIGURE PA-4 
The system in Problem A-6. 


(b) Repeat part (a) with the switch closed. 
(c) What happened to the total current supplied by the power system when the 
switch closed? Why? 
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APPENDIX 


B 


COIL PITCH 
AND 
DISTRIBUTED 
WINDINGS 


AS mentioned in Chapter 4, the induced voltage in an ac machine is sinusoidal 
only if the harmonic components of the air-gap flux density are suppressed. 
This appendix describes two techniques used by machinery designers to suppress 
harmonics in machines. 


B.1| THE EFFECT OF COIL PITCH 
ON AC MACHINES 


In the simple ac machine design of Section 4.4, the output voltages in the stator 
coils were sinusoidal because the air-gap flux density distribution was sinusoidal. 
If the air-gap flux density distribution had not been sinusoidal, then the output 
voltages in the stator would not have been sinusoidal either. They would have had 
the same nonsinusoidal shape as the flux density distribution. 

In general, the air-gap flux density distribution in an ac machine will not be 
sinusoidal. Machine designers do their best to produce sinusoidal flux distributions, 
but of course no design is ever perfect. The actual flux distribution will consist of 
a fundamental sinusoidal component plus harmonics. These harmonic components 
of flux will generate harmonic components in the stator’s voltages and currents. 

The harmonic components in the stator voltages and currents are undesir- 
able, so techniques have been developed to suppress the unwanted harmonic com- 
ponents in the output voltages and currents of a machine. One important technique 
to suppress the harmonics is the use of fractional-pitch windings. 
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Pp = 90° mechanical 
180° electrical 


FIGURE B-1 
The pole pitch of a four-pole machine is 90 mechanical or 180 electrical degrees. 


The Pitch of a Coil 


The pole pitch is the angular distance between two adjacent poles on a machine. 
The pole pitch of a machine in mechanical degrees is 


_ 360° 
Pp «2 P 


(B-1) 


where p, is the pole pitch in mechanical degrees and P is the number of poles on 
the machine. Regardless of the number of poles on the machine, a pole pitch is 
always 180 electrical degrees (see Figure B—1). 

If the stator coil stretches across the same angle as the pole pitch, it is called 
a full-pitch coil. If the stator coil stretches across an angle smaller than a pole 
pitch, it is called a fractional-pitch coil. The pitch of a fractional-pitch coil is of- 
ten expressed as a fraction indicating the portion of the pole pitch it spans. For ex- 
ample, a 5/6-pitch coil spans five-sixths of the distance between two adjacent 
poles. Alternatively, the pitch of a fractional-pitch coil in electrical degrees is 


given by Equations (B-2): 
Brn 
p=— x 180° (B-2a) 
Pp 


where 6,, is the mechanical angle covered by the coil in degrees and 9, is the ma- 
chine’s pole pitch in mechanical degrees, or 


6,,P 
p= x 180 (B-2b) 
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Air-gap flux density: 
B(a@) = By cos (wit — a) 


Vrel 


Rotorratation COM, ~____ Voltage is really into the page, 
. B since B is negative here. 


FIGURE B-2 
A fractional-pitch winding of pitch p. The vector magnetic flux densities and velocities on the sides 
of the coil. The velocities are from a frame of reference in which the magnetic field is stationary. 


where @,, is the mechanical angle covered by the coil in degrees and P is the num- 
ber of poles in the machine. Most practical stator coils have a fractional pitch, 
since a fractional-pitch winding provides some important benefits which will be 
explained later. Windings employing fractional-pitch coils are known as chorded 
windings. 


The Induced Voltage of a Fractional-Pitch Coil 


What effect does fractional pitch have on the output voltage of a coil? To find out, 
examine the simple two-pole machine with a fractional-pitch winding shown in 
Figure B—2. The pole pitch of this machine is 180°, and the coil pitch is p. The 
voltage induced in this coil by rotating the magnetic field can be found in exactly 
the same manner as in the previous section, by determining the voltages on each 
side of the coil. The total voltage will just be the sum of the voltages on the indi- 
vidual sides. 
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As before, assume that the magnitude of the flux density vector B in the air 
gap between the rotor and the stator varies sinusoidally with mechanical angle, 
while the direction of B is always radially outward. If @ is the angle measured 
from the direction of the peak rotor flux density, then the magnitude of the flux 
density vector B at a point around the rotor is given by 


B= B,, cos @ (B-3a) 


Since the rotor is itself rotating within the stator at an angular velocity w,,, the 
magnitude of the flux density vector B at any angle @ around the stator is given 


by 
(4 


The equation for the induced voltage in a wire is 
€ing = (V X B) ol (1-45) 


where v= velocity of the wire relative to the magnetic field 
B = magnetic flux density vector 
1 = length of conductor in the magnetic field 


This equation can only be used in a frame of reference where the magnetic field 
appears to be stationary. If we “sit on the magnetic field” so that the field appears 
to be stationary, the sides of the coil will appear to go by at an apparent velocity 
v,-- and the equation can be applied. Figure B—2 shows the vector magnetic field 
and velocities from the point of view of a stationary magnetic field and a moving 
wire. 


1. Segment ab. For segment ab of the fractional-pitch coil, @ = 90° + p/2. As- 
suming that B is directed radially outward from the rotor, the angle between 
v and B in segment ab is 90°, while the quantity v x B is in the direction of 
I, so 


Cha = (Vv x B) e] 
vBi directed out of the page 


—VBy COs [ont = (90° + e i 


—vByl cos (ont — 90° - 6 (B-4) 


where the negative sign comes from the fact that B is really pointing inward 
when it was assumed to point outward. 

2. Segment bc. The voltage on segment bc is zero, since the vector quantity 
v X B is perpendicular to |, so 


e, =(vx B)*1=0 (B-5) 
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3. Segment cd. For segment cd, the angle a = 90° — p/2. Assuming that B is di- 
rected radially outward from the rotor, the angle between v and B in segment 
cd is 90°, while the quantity v x B is in the direction of I, so 


Cac = (VX BY el 
= vB! directed out of the page 
= aan 
Crag = —VBy COS [ont = (v0 = Alt 
ae — 99° + 2 
= —vB,/ cos (cogf 90° + 4 (B-6) 


4. Segment da. The voltage on segment da is zero, since the vector quantity 
v Xx B is perpendicular to 1, so 


Cad = (VX B)e 1 =0 (B-7) 
Therefore, the total voltage on the coil will be 
Cina = ba + ac 


= —vBy!l cos (cog at 2) + vByl cos (cag 900 2) 


By trigonometric identities, 


cos (cog = 90° = o| = COS (Wf — 90°) cos 5 + sin (@,,¢ — 90°) sin § 


cos (conf — 90° + 4 = cos (wa, — 90°) cos 5 — sin (@,,¢ — 90°) sin § 


Sin (w,,f — 90°) = —cos w,,t 


Therefore, the total resulting voltage is 


€ind = By! | —cos (@,,¢ — 90°) cos — sin (a, — 90°) sin 


+ cos (w,,f — 90°) cos — sin(w,,f — 90°) sin e) 


—2vByl sin 5 sin (pf — 90°) 


2vByl sin F cos o,f 
Since 2vB,,/ is equal to dw, the final expression for the voltage in a single turn is 


Cing = Pw sin e COS @,,f (B-8) 


712 ELECTRIC MACHINERY FUNDAMENTALS 


This is the same value as the voltage in a full-pitch winding except for the 
sin p/2 term. It is customary to define this term as the pitch factor k, of the coil. 
The pitch factor of a coil is given by 

. P 
k, = sin 7 (B-9) 


In terms of the pitch factor, the induced voltage on a single-turn coil is 


Cing = kK, PW COS Wb (B-10) 
The total voltage in an N-turn fractional-pitch coil is thus 
€ing = Ne K, Pw COS Wf (B-11) 
and its peak voltage is 

Enax = No k,Ow (B-12) 
= 2aNck of (B-13) 

Therefore, the rms voltage of any phase of this three-phase stator is 
E, = “2 Nck, Of (B-14) 
= V2aNCK Of (B-15) 


Note that for a full-pitch coil, p = 180° and Equation (B—15) reduces to the 
same result as before. 

For machines with more than two poles, Equation (B—9) gives the pitch fac- 
tor if the coil pitch p is in electrical degrees. If the coil pitch is given in mechani- 
cal degrees, then the pitch factor can be given by 


6,,P 
k, = sin a (B—16) 


Harmonic Problems and 
Fractional-Pitch Windings 


There is a very good reason for using fractional-pitch windings. It concerns the ef- 
fect of the nonsinusoidal flux density distribution in real machines. This problem 
can be understood by examining the machine shown in Figure B-3. This figure 
shows a Salient-pole synchronous machine whose rotor is sweeping across the sta- 
tor surface. Because the reluctance of the magnetic field path is much lower di- 
rectly under the center of the rotor than it is toward the sides (smaller air gap), the 
flux is strongly concentrated at that point and the flux density is very high there. 
The resulting induced voltage in the winding is shown in Figure B—3. Notice that 
it is not sinusoidal—it contains many harmonic frequency components. 

Because the resulting voltage waveform is symmetric about the center of 
the rotor flux, no even harmonics are present in the phase voltage. However, all 
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(a) 


(b) 


IBI 


v(t) 


(c) 


FIGURE B-3 

(a) A ferromagnetic rotor sweeping past a stator conductor. (b) The flux density distribution of the 
magnetic field as a function of time at a point on the stator surface. (c) The resulting induced voltage 
in the conductor. Note that the voltage is directly proportional to the magnetic flux density at any 
given time. 


the odd harmonics (third, fifth, seventh, ninth, etc.) are present in the phase volt- 
age lo some extent and need to be dealt with in the design of ac machines. In gen- 
eral, the higher the number of a given harmonic frequency component, the lower 
its magnitude in the phase output voltage; so beyond a certain point (above the 
ninth harmonic or so) the effects of higher harmonics may be ignored. 
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When the three phases are Y or A connected, some of the harmonics disap- 
pear from the output of the machine as a result of the three-phase connection. The 
third-harmonic component is one of these. If the fundamental voltages in each of 
the three phases are given by 


é,(f) = Eq, Sin wt Vv (B-17a) 
é,(t) = Ex, sin (wt — 120°) Vv (B-17b) 
e(t) = Ey, sin (wt — 240°) Vv (B-17c) 
then the third-harmonic components of voltage will be given by 
€,3(f) = Egy Sin 3ef Vv (B-18a) 
€n3(f) = Ey sin (3a — 360°) Vv (B-18b) 
€,(f) = Ey, sin at — 720°) v (B-18c) 


Notice that the third-harmonic components of voltage are all identical in each 
phase. If the synchronous machine is Y-connected, then the third-harmonic 
voltage between any two terminals will be zero (even though there may be a 
large third-harmonic component of voltage in each phase). If the machine is 
A-connected, then the three third-harmonic components all add and drive a third- 
harmonic current around inside the A-winding of the machine. Since the third- 
harmonic voltages are dropped across the machine’s internal impedances, there 
is again no significant third-harmonic component of voltage at the terminals. 

This result applies not only to third-harmonic components but also to any 
multiple of a third-harmonic component (such as the ninth harmonic). Such spe- 
cial harmonic frequencies are called triplen harmonics and are automatically sup- 
pressed in three-phase machines. 

The remaining harmonic frequencies are the fifth, seventh, eleventh, thir- 
teenth, etc. Since the strength of the harmonic components of voltage decreases 
with increasing frequency, most of the actual distortion in the sinusoidal output of 
a synchronous machine is caused by the fifth and seventh harmonic frequencies, 
sometimes called the belt harmonics. If a way could be found to reduce these 
components, then the machine’s output voltage would be essentially a pure sinu- 
soid at the fundamental frequency (50 or 60 Hz). 

How can some of the harmonic content of the winding’s terminal voltage be 
eliminated? 

One way is to design the rotor itself to distribute the flux in an approxi- 
mately sinusoidal shape. Although this action will help reduce the harmonic con- 
tent of the output voltage, it may not go far enough in that direction. An additional 
step that is used is to design the machine with fractional-pitch windings. 

The key to the effect of fractional-pitch windings on the voltage produced in 
a machine’s stator is that the electrical angle of the nth harmonic is 7 times the elec- 
trical angle of the fundamental frequency component. In other words, if a coil spans 
150 electrical degrees at its fundamental frequency, it will span 300 electrical de- 
grees at its second-harmonic frequency, 450 electrical degrees at its third-harmonic 
frequency, and so forth. If p represents the electrical angle spanned by the coil at its 
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fundamental frequency and v is the number of the harmonic being examined, then 
the coil will span yp electrical degrees at that harmonic frequency. Therefore, the 
pitch factor of the coil at the harmonic frequency can be expressed as 


i sin“ (B-19) 


The important consideration here is that the pitch factor of a winding is different for 
each harmonic frequency. By a proper choice of coil pitch it is possible to almost 
eliminate harmonic frequency components in the output of the machine. We can 
now see how harmonics are suppressed by looking at a simple example problem. 


Example B-1. A three-phase, two-pole stator has coils with a 5/6 pitch. What are 
the pitch factors for the harmonics present in this machine’s coils? Does this pitch help sup- 
press the harmonic content of the generated voltage? 


Solution 
The pole pitch in mechanical degrees of this machine is 
Pp = a = 180° (B-1) 


Therefore, the mechanical pitch angle of these coils is five-sixths of 180°, or 150°. 
From Equation (B—2a), the resulting pitch in electrical degrees is 


ég ° 
p= —™ x 180° = 120 x 180° = 150° (B-2a) 


The mechanical pitch angle is equal to the electrical pitch angle only because this is a two- 
pole machine. For any other number of poles, they would not be the same. 

Therefore, the pitch factors for the fundamental and the higher odd harmonic fre- 
quencies (remember, the even harmonics are already gone) are 


oO 
Fundamental: k, = sin i = 0.966 


8) 
Third harmonic: k, = sin 3 ie = —0.707 (This is a triplen harmonic not 
present in the three-phase output.) 


re) 
Fifth harmonic: ky = sin 2137) _ 9.259 
Seventh harmonic: k, = sin } we = 0.259 


oO 
Ninth harmonic: k, = sin We = —0.707 (This is a triplen harmonic not 
present in the three-phase output.) 


The third- and ninth-harmonic components are suppressed only slightly by this coil 
pitch, but that is unimportant since they do not appear at the machine’s terminals anyway. 
Between the effects of triplen harmonics and the effects of the coil pitch, the third, fifth, 
seventh, and ninth harmonics are suppressed relative to the fundamental frequency. There- 
fore, employing fractional-pitch windings will drastically reduce the harmonic content of 
the machine's output voltage while causing only a small decrease in its fundamental 
voltage. 
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Fractional 
pitch 


Full 
pitch 


ad 
3 
kid 
E 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 
E 
= _100 
-200 
-300 
FIGURE B-4 


The line voltage out of a three-phase generator with full-pitch and fractional-pitch windings. 
Although the peak voltage of the fractional-pitch winding is slightly smaller than that of the full- 
pitch winding, its output voltage is much purer. 


The terminal voltage of a synchronous machine is shown in Figure B—4 both 
for full-pitch windings and for windings with a pitch p = 150°. Notice that the 
fractional-pitch windings produce a large visible improvement in waveform quality. 

It should be noted that there are certain types of higher-frequency harmon- 
ics, called tooth or slot harmonics, which cannot be suppressed by varying the 
pitch of stator coils. These slot harmonics will be discussed in conjunction with 
distributed windings in Section B.2. 


B.2. DISTRIBUTED WINDINGS 
IN AC MACHINES 


In the previous section, the windings associated with each phase of an ac machine 
were implicitly assumed to be concentrated in a single pair of slots on the stator 
surface. In fact, the windings associated with each phase are almost always dis- 
tributed among several adjacent pairs of slots, because it is simply impossible to 
put all the conductors into a single slot. 

The construction of the stator windings in real ac machines is quite compli- 
cated. Normal ac machine stators consist of several coils in each phase, distributed 
in slots around the inner surface of the stator. In larger machines, each coil is a 
preformed unit consisting of a number of turns, each turn insulated from the oth- 
ers and from the side of the stator itself (see Figure B—5). The voltage in any 
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Form-wound Stator Coil 


Ground wall a? 


insulation 


S 


FIGURE B-5 
A typical preformed stator coil. (Courtesy of General Electric Company.) 


FIGURE B-6 


(a) An ac machine stator with preformed stator coils. (Courtesy of Westinghouse Electric Company.) 
(b) Aclose-up view of the coil ends on a stator. Note that one side of the coil will be outermost in its 
slot and the other side will be innermost in its slot. This shape permits a single standard coil form to 
be used for every slot on the stator. (Courtesy of General Electric Company.) 


single turn of wire is very small, and it is only by placing many of these turns in 
series that reasonable voltages can be produced. The large number of turns is nor- 
mally physically divided among several coils, and the coils are placed in slots 
equally spaced along the surface of the stator, as shown in Figure B-6. 
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Phase belt or 
phase group 


FIGURE B-7 

A simple double-layer full-pitch 
distributed winding for a two-pole ac 
machine. 


The spacing in degrees between adjacent slots on a stator is called the siot 
pitch y of the stator. The slot pitch can be expressed in either mechanical or elec- 
trical degrees. 

Except in very small machines, stator coils are normally formed into 
double-layer windings, as shown in Figure B—7. Double-layer windings are usu- 
ally easier to manufacture (fewer slots for a given number of coils) and have sim- 
pler end connections than single-layer windings. They are therefore much less ex- 
pensive to build. 

Figure B-7 shows a distributed full-pitch winding for a two-pole machine. 
In this winding, there are four coils associated with each phase. All the coil sides 
of a given phase are placed in adjacent slots, and these sides are known as a phase 
belt or phase group. Notice that there are six phase belts on this two-pole stator. 
In general, there are 3P phase belts on a P-pole stator, P of them in each phase. 

Figure B-8 shows a distributed winding using fractional-pitch coils. Notice 
that this winding still has phase belts, but that the phases of coils within an indi- 
vidual slot may be mixed. The pitch of the coils is 5/6 or 150 electrical degrees. 


The Breadth or Distribution Factor 


Dividing the total required number of turns into separate coils permits more effi- 
cient use of the inner surface of the stator, and it provides greater structural 
strength, since the slots carved in the frame of the stator can be smaller. However, 
the fact that the turns composing a given phase lie at different angles means that 
their voltages will be somewhat smaller than would otherwise be expected. 
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Phase belt 


FIGURE B-8 
A double-layer fractional-pitch ac 
winding for a two-pole ac machine. 


To illustrate this problem, examine the machine shown in Figure B-9. This 
machine has a single-layer winding, with the stator winding of each phase (each 
phase belt) distributed among three slots spaced 20° apart. 

If the central coil of phase @ initially has a voltage given by 

E, =EZ0°V 
then the voltages in the other two coils in phase a will be 
E,, = EZ -20°V 
E, = EZ 20°V 
The total voltage in phase a is given by 
E, a Ey + En Bs E,3 
=F 24-20°+ E20°+ Ez 20° 
= E cos (-20°) + jE sin (-20°) + E + Ecos 20° + jE sin 20° 
= E+ 2E cos 20° = 2.879 E 

This voltage in phase a is not quite what would have been expected if the 
coils in a given phase had all been concentrated in the same slot. Then, the volt- 
age E, would have been equal to 3£ instead of 2.879. The ratio of the actual volt- 
age in a phase of a distributed winding to its expected value in a concentrated 


winding with the same number of turns is called the breadth factor or distribution 
factor of winding. The distribution factor is defined as 


Vi, actual 


is V,expected with no distribution ee) 
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Phase belt 


FIGURE B-9 
A two-pole stator with a single-layer winding consisting of three coils per phase, each separated by 20°. 


The distribution factor for the machine in Figure B-9 is thus 


_ 2879E _ 
k, = 3E 0.960 (B-21) 
The distribution factor is a convenient way to summarize the decrease in voltage 
caused by the spatial distribution of the coils in a stator winding. 
It can be shown (see Reference 1, page 726) that, for a winding with 7 slots 
per phase belt spaced ydegrees apart, the distribution factor is given by 


_ sin (ny/2) B22 
dn sin (y/2) (B-22) 
Notice that for the previous example with 2 = 3 and y= 20°, the distribution fac- 
tor becomes 


_ Sin (ny?) _ sinf(3y20°y2} _ 
ka = Asin (7/2) 3 sin(20772) 9-900 (B-22) 


which is the same result as before. 
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The Generated Voltage Including 
Distribution Effects 


The rms voltage in a single coil of Nc turns and pitch factor k, was previously de- 
termined to be 


E, = V2nNck, of (B-15) 


If a stator phase consists of coils, each containing Ne turns, then a total of Np = 
iNe turns will be present in the phase. The voltage present across the phase will 
just be the voltage due to Np turns all in the same slot times the reduction caused 
by the distribution factor, so the total phase voltage will become 


E, = ViaNpk, ky bf (B-23) 


The pitch factor and the distribution factor of a winding are sometimes combined 
for ease of use into a single winding factor k,,. The winding factor of a stator is 


given by 
8-26 


Applying this definition to the equation for the voltage in a phase yields 
E, = V2aNpk,, of (B-25) 


Example B-2. A simple two-pole, three-phase, Y-connected synchronous machine 
stator is used to make a generator. It has a double-layer coil construction, with four stator 
coils per phase distributed as shown in Figure B-8. Each coil consists of 10 turns. The 
windings have an electrical pitch of 150°, as shown. The rotor (and the magnetic field) is 
rotating at 3000 r/min, and the flux per pole in this machine is 0.019 Wb. 


(a) What is the slot pitch of this stator in mechanical degrees? In electrical degrees? 

(6) How many slots do the coils of this stator span? 

(c) What is the magnitude of the phase voltage of one phase of this machine’s 
stator? 

(a) What is the machine’s terminal voltage? 

(e) How much suppression does the fractional-pitch winding give for the fifth- 
harmonic component of the voltage relative to the decrease in its fundamental 
component? 


Solution 
(a) This stator has 6 phase belts with 2 slots per belt, so it has a total of 12 slots. 
Since the entire stator spans 360°, the slot pitch of this stator is 


This is both its electrical and mechanical pitch, since this is a two-pole machine. 

(5) Since there are 12 slots and 2 poles on this stator, there are 6 slots per pole. A 
coil pitch of 150 electrical degrees is 150°/180° = 5/6, so the coils must span 5 
stator slots. 
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(c) The frequency of this machine is 


— (3000 r/min)(2 poles) _ 
f= 15 120 a 
From Equation (B—19), the pitch factor for the fundamental component of the 
voltage is 
k, = sin e = sin 1 a = 0.966 (B-19) 


Although the windings in a given phase belt are in three slots, the two outer slots 
have only one coil each from the phase. Therefore, the winding essentially oc- 
cupies two complete slots. The winding distribution factor is 


ka = nsin(y/2) ~ 2 sin (30/2) ~ 9-96 Rane? 


Therefore, the voltage in a single phase of this stator is 
E, = V2 WNok,kabf 
= V2 277(40 turns)(0.966)(0.966)(0.019 Wb)(50 Hz) 
= 157V 
(d) This machine’s terminal voltage is 
V, = V3E, = V3(157 V) = 272 V 


(e) The pitch factor for the fifth-harmonic component is 


k, = sin =P = sin 5 pen = 0.259 (B-19) 


Since the pitch factor of the fundamental component of the voltage was 0.966 
and the pitch factor of the fifth-harmonic component of voltage is 0.259, the 
fundamental component was decreased 3.4 percent, while the fifth-harmonic 
component was decreased 74.1 percent. Therefore, the fifth-harmonic compo- 
nent of the voltage is decreased 70.7 percent more than the fundamental com- 
ponent is. 


Tooth or Slot Harmonics 


Although distributed windings offer advantages over concentrated windings in 
terms of stator strength, utilization, and ease of construction, the use of distributed 
windings introduces an additional problem into the machine’s design. The pres- 
ence of uniform slots around the inside of the stator causes regular variations in 
reluctance and flux along the stator’s surface. These regular variations produce 
harmonic components of voltage called tooth or slot harmonics (see Figure 
B-10). Slot harmonics occur at frequencies set by the spacing between adjacent 
slots and are given by 


Vstot = P =I (B—26) 
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FIGURE B-10 

Flux density variations in the air gap due to the tooth or slot harmonics. The reluctance of each slot 
is higher than the reluctance of the metal surface between the slots, so flux densities are lower 
directly over the slots. 


where = V.,, = number of the harmonic component 
S = number of slots on stator 
M = an integer 


P = number of poles on machine 


The value M = | yields the lowest-frequency slot harmonics, which are also the 
most troublesome ones. 

Since these harmonic components are set by the spacing between adjacent 
coil slots, variations in coil pitch and distribution cannot reduce these effects. Re- 
gardless of a coil’s pitch, it must begin and end in a slot, and therefore the coil’s 
spacing is an integral multiple of the basic spacing causing slot harmonics in the 
first place. 

For example, consider a 72-slot, six-pole ac machine stator. In such a ma- 
chine, the two lowest and most troublesome stator harmonics are 


Jot = pe 1 (B-26) 
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= 20072). | = 93, 95 


These harmonics are at 1380 and 1500 Hz in a 60-Hz machine. 
Slot harmonics cause several problems in ac machines: 


1. They induce harmonics in the generated voltage of ac generators. 


2. The interaction of stator and rotor slot harmonics produces parasitic torques 
in induction motors. These torques can seriously affect the shape of the mo- 
tor’s torque-speed curve. 


3. They introduce vibration and noise in the machine. 


4. They increase core losses by introducing high-frequency components of volt- 
ages and currents into the teeth of the stator. 


Slot harmonics are especially troublesome in induction motors, where they 
can induce harmonics of the same frequency into the rotor field circuit, further re- 
inforcing their effects on the machine’s torque. 

Two common approaches are taken in reducing slot harmonics. They are 
fractional-slot windings and skewed rotor conductors. 

Fractional-slot windings involve using a fractional number of slots per rotor 
pole. All previous examples of distributed windings have been integral-slot wind- 
ings; 1.e., they have had 2, 3, 4, or some other integral number of slots per pole. 
On the other hand, a fractional-slot stator might be constructed with 2% slots per 
pole. The offset between adjacent poles provided by fractional-slot windings helps 
to reduce both belt and slot harmonics. This approach to reducing harmonics may 
be used on any type of ac machine. Fractional-slot harmonics are explained in de- 
tail in References 1 and 2. 

The other, much more common, approach to reducing slot harmonics is 
skewing the conductors on the rotor of the machine. This approach is primarily 
used on induction motors. The conductors on an induction motor rotor are given a 
slight twist, so that when one end of a conductor is under one stator slot, the other 
end of the coil is under a neighboring slot. This rotor construction is shown in Fig- 
ure B-I1. Since a single rotor conductor stretches from one coil slot to the next (a 
distance corresponding to one full electrical cycle of the lowest slot harmonic fre- 
quency), the voltage components due to the slot harmonic variations in flux cancel. 


B.3)> SUMMARY 


In real machines, the stator coils are often of fractional pitch, meaning that they do 
not reach completely from one magnetic pole to the next. Making the stator wind- 
ings fractional-pitch reduces the magnitude of the output voltage slightly, but at 
the same time attenuates the harmonic components of voltage drastically, result- 
ing ina much smoother output voltage from the machine. A stator winding using 
fractional-pitch coils is often called a chorded winding. 

Certain higher-frequency harmonics, called tooth or slot harmonics, cannot 
be suppressed with fractional-pitch coils. These harmonics are especially trouble- 
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FIGURE B-11 


An induction motor rotor exhibiting conductor skewing. The skew of the rotor conductors is just 
equal to the distance between one stator slot and the next one. (Courtesy of MagneTek, Inc.) 


some in induction motors. They can be reduced by employing fractional-slot 
windings or by skewing the rotor conductors of an induction motor. 

Real ac machine stators do not simply have one coil for each phase. In or- 
der to get reasonable voltages out of a machine, several coils must be used, each 
with a large number of turns. This fact requires that the windings be distributed 
over some range on the stator surface. Distributing the stator windings in a phase 
reduces the possible output voltage by the distribution factor kj, but it makes it 
physically easier to put more windings on the machine. 


QUESTIONS 


B-1. Why are distributed windings used instead of concentrated windings in ac machine 
stators? 


B-2. (a) What is the distribution factor of a stator winding? (b) What is the value of the 
distribution factor in a concentrated stator winding? 

B-3. What are chorded windings? Why are they used in an ac stator winding? 

B—4. What is pitch? What is the pitch factor? How are they related to each other? 


B-5. Why are third-harmonic components of voltage not found in three-phase ac machine 
outputs? 


B-6. What are triplen harmonics? 
B-7. What are slot harmonics? How can they be reduced? 


B-8. How can the magnetomotive force (and flux) distribution in an ac machine be made 
more nearly sinusoidal? 


PROBLEMS 


B-1l. A two-slot three-phase stator armature is wound for two-pole operation. If 
fractional-pitch windings are to be used, what is the best possible choice for wind- 
ing pitch if it is desired to eliminate the fifth-harmonic component of voltage? 

B-2. Derive the relationship for the winding distribution factor k, in Equation (B—-22). 
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B-3. 


B4. 


B-5. 


B-7. 


B-8. 
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A three-phase four-pole synchronous machine has 96 stator slots. The slots contain 
a double-layer winding (two coils per slot) with four turns per coil. The coil pitch is 
19/24. 

(a) Find the slot and coil pitch in electrical degrees. 

(b) Find the pitch, distribution, and winding factors for this machine. 

(c) How well will this winding suppress third, fifth, seventh, ninth, and eleventh 
harmonics? Be sure to consider the effects of both coil pitch and winding distri- 
bution in your answer. 

A three-phase four-pole winding of the double-layer type is to be installed on a 48- 
slot stator. The pitch of the stator windings is 5/6, and there are 10 turns per coil in 
the windings. All coils in each phase are connected in series, and the three phases 
are connected in A. The flux per pole in the machine is 0.054 Wb, and the speed of 
rotation of the magnetic field is 1800 r/min. 
(a) What is the pitch factor of this winding? 
(6) What is the distribution factor of this winding? 
(c) What is the frequency of the voltage produced in this winding? 
(d) What are the resulting phase and terminal voltages of this stator? 
A three-phase, Y-connected, six-pole synchronous generator has six slots per pole 
on its stator winding. The winding itself is a chorded (fractional-pitch) double-layer 
winding with eight turns per coil. The distribution factor k, = 0.956, and the pitch 
factor &, = 0.981. The flux in the generator is 0.02 Wb per pole, and the speed of ro- 
tation is 1200 r/min. What is the line voltage produced by this generator at these 
conditions? 


. Athree-phase, Y-connected, 50-Hz, two-pole synchronous machine has a stator with 


18 slots. Its coils form a double-layer chorded winding (two coils per slot), and each 

coil has 60 turns. The pitch of the stator coils is 8/9. 

(a) What rotor flux would be required to produce a terminal (line-to-line) voltage 
of 6kV? 

(b) How effective are coils of this pitch at reducing the fifth-harmonic component 
of voltage? The seventh-harmonic component of voltage? 

What coil pitch could be used to completely eliminate the seventh-harmonic com- 

ponent of voltage in ac machine armature (stator)? What is the minimum number of 

slots needed on an eight-pole winding to exactly achieve this pitch? What would this 

pitch do to the fifth-harmonic component of voltage? 

A 13.8-kV, Y-connected, 60-Hz, 12-pole, three-phase synchronous generator has 

180 stator slots with a double-layer winding and eight turns per coil. The coil pitch 

on the stator is 12 slots. The conductors from all phase belts (or groups) in a given 

phase are connected in series. 

(a) What flux per pole would be required to give a no-load terminal (line) voltage 
of 13.8 kV? 

(b) What is this machine’s winding factor k,,? 
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APPENDIX 


C 


SALIENT-POLE 
THEORY OF 
SYNCHRONOUS 
MACHINES 


he equivalent circuit for a synchronous generator derived in Chapter 5 is in 

fact valid only for machines built with cylindrical rotors, and not for machines 
built with salient-pole rotors. Likewise, the expression for the relationship be- 
tween the torque angle 6 and the power supplied by the generator [Equation 
(5-20)] is valid only for cylindrical rotors. In Chapter 5, we ignored any effects 
due to the saliency of rotors and assumed that the simple cylindrical theory ap- 
plied. This assumption is in fact not too bad for steady-state work, bul it is quite 
poor for examining the transient behavior of generators and motors. 

The problem with the simple equivalent circuit of induction motors is that it 
ignores the effect of the reluctance torque on the generator. To understand the idea 
of reluctance torque, refer to Figure C—1. This figure shows a salient-pole rotor 
with no windings inside a three-phase stator. If a stator magnetic field is produced 
as shown in the figure, it will induce a magnetic field in the rotor. Since it is much 
easier to produce a flux along the axis of the rotor than it is to produce a flux 
across the axis, the flux induced in the rotor will line up with the axis of the rotor. 
Since there is an angle between the stator magnetic field and the rotor magnetic 
field, a torque will be induced in the rotor which will tend to line up the rotor with 
the stator field. The magnitude of this torque is proportional to the sine of twice 
the angle between the two magnetic fields (sin 26). 

Since the cylindrical rotor theory of synchronous machines ignores the fact 
that it is easier to establish a magnetic field in some directions than in others (i.e., 
ignores the effect of reluctance torques), it is inaccurate when salient-pole rotors 
are involved. 
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FIGURE C-1 

A salient-pole rotor, illustrating the idea of 
reluctance torque. A magnetic field is induced in the 
rotor by the stator magnetic field, and a torque is 
produced on the rotor that is proportional to the sine 
a of twice the angle between the two fields. 


C.1 DEVELOPMENT OF THE EQUIVALENT 
CIRCUIT OF A SALIENT-POLE 
SYNCHRONOUS GENERATOR 


As was the case for the cylindrical rotor theory, there are four elements in the 
equivalent circuit of a synchronous generator: 


1. The internal generated voltage of the generator E, 
2. The armature reaction of the synchronous generator 
3. The stator winding’s self-inductance 

4. The stator winding’s resistance 


The first, third, and fourth elements are unchanged in the salient-pole theory of 
synchronous generators, but the armature-reaction effect must be modified to ex- 
plain the fact that it is easier to establish a flux in some directions than in others. 

This modification of the armature-reaction effects is accomplished as ex- 
plained below. Figure C—2 shows a two-pole salient-pole rotor rotating counter- 
clockwise within a two-pole stator. The rotor flux of this rotor is called Bp, and it 
points upward. By the equation for the induced voltage on a moving conductor in 
the presence of a magnetic field, 


Cind — (Vv x B) om | (1-45) 


the voltage in the conductors in the upper part of the stator will be positive out of 
the page, and the voltage in the conductors in the lower part of the stator will be 
into the page. The plane of maximum induced voltage will lie directly under the 
rotor pole at any given time. 
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FIGURE C-2 


The effects of armature reaction in a salient-pole synchronous generator. (a) The rotor magnetic field 
induces a voltage in the stator which peaks in the wires directly under the pole faces. (b) If a lagging 
load is connected to the generator, a stator current will flow that peaks at an angle behind E,. 

(c) This stator current I, produces a stator magnetomotive force in the machine. 
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FIGURE C-2 (concluded) 

(d) The stator magnetomotive force produces a stator flux Bs. However, the direct-axis component of 
magnetomotive force produces more flux per ampere-turn than the quadrature-axis component does, 
since the reluctance of the direct-axis flux path is lower than the reluctance of the quadrature-axis 
flux path. (e) The direct- and quadrature-axis stator fluxes produce armature reaction voltages in the 
stator of the machine. 


If a lagging load is now connected to the terminals of this generator, then a 
current will flow whose peak is delayed behind the peak voltage. This current is 
shown in Figure C—2b. 

The stator current flow produces a magnetomotive force that lags 90° be- 
hind the plane of peak stator current, as shown in Figure C—2c. In the cylindrical 
theory, this magnetomotive force then produces a stator magnetic field B, that 
lines up with the stator magnetomotive force. However, it is actually easier to pro- 
duce a magnetic field in the direction of the rotor than it 1s to produce one in the 
direction perpendicular to the rotor. Therefore, we will break down the stator 
magnetomotive force into components parallel to and perpendicular to the rotor’s 
axis. Each of these magnetomotive forces produces a magnetic field, but more 
flux is produced per ampere-turn along the axis than is produced perpendicular (in 
quadrature) to the axis. 
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| FIGURE C-3 

' The phase voltage of the generator is just the sum of its internal generated 

Ey voltage and its armature reaction voltages. 


The resulting stator magnetic field is shown in Figure C—-2d, compared to 
the field predicted by the cylindrical rotor theory. 

Now, each component of the stator magnetic field produces a voltage of its 
own in the stator winding by armature reaction. These armature-reaction voltages 
are shown in Figure C—2e. 

The total voltage in the stator is thus 


V,=E,+E, +E, (C-1) 


where E, is the direct-axis component of the armature-reaction voltage and E, is 
the quadrature-axis component of armature reaction voltage (see Figure C—3). As 
in the case of the cylindrical rotor theory, each armature-reaction voltage is di- 
rectly proportional to its stator current and delayed 90° behind the stator current. 
Therefore, each armature-reaction voltage can be modeled by 


E,= —jal, (C-2) 
E, = —jr, (C-3) 
and the total stator voltage becomes 


V5 = E, = pala =, (C-4) 


alg 
The armature resistance and self-reactance must now be included. Since the 
armature self-reactance X, is independent of the rotor angle, it is normally added to 
the direct and quadrature armature-reaction reactances to produce the direct syn- 
chronous reactance and the quadrature synchronous reactance of the generator: 


X, =x, +X, (C-5) 
X,=%,+ Xz, (C-6) 
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FIGURE C-4 
The phasor diagram of a salient-pole synchronous generator. 


FIGURE C-5 

Constructing the phasor diagram with no prior knowledge of 6. Ef’ lies at the same angle as E,, and 
Ej may be determined exclusively from information at the terminals of the generator. Therefore, the 
angle 5 may be found. and the current can be divided into d and q components. 


The armature resistance voltage drop is just the armature resistance times the ar- 
mature current I). 

Therefore, the final expression for the phase voltage of a salient-pole syn- 
chronous motor is 


V5 = E, — jXqa _- XA, a R,l, (C-7) 


and the resulting phasor diagram is shown in Figure C-4. 

Note that this phasor diagram requires that the armature current be resolved 
into components in parallel with E, and in quadrature with E,. However, the an- 
gle between E, and I, is 6 + 6, which is not usually known before the diagram is 
constructed. Normally, only the power-factor angle @ is known in advance. 

It is possible to construct the phasor diagram without advance knowledge of 
the angle 6, as shown in Figure C—5. The solid lines in Figure C—5 are the same as 
the lines shown in Figure C-4, while the dotted lines present the phasor diagram 
as though the machine had a cylindrical rotor with synchronous reactance X,. 
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The angle 6 of E, can be found by using information known at the terminals 
of the generator. Notice that the phasor Eg, which is given by 


EX = Vy + Raly + iXa (C-8) 


is collinear with the internal generated voltage E,. Since Ey’is determined by the 
current at the terminals of the generator, the angle 6 can be determined with a 
knowledge of the armature current. Once the angle 6 is known, the armature cur- 
rent can be broken down into direct and quadrature components, and the internal 
generated voltage can be determined. 


Example C-1. A 480-V, 60-Hz, A-connected, four-pole synchronous generator 
has a direct-axis reactance of 0.1 2, and a quadrature-axis reactance of 0.075 ©2. Its arma- 
ture resistance may be neglected. At full load, this generator supplies 1200 A at a power 
factor of 0.8 lagging. 


(a) Find the internal generated voltage E, of this generator at full load, assuming 
that it has a cylindrical rotor of reactance X,. 

(®) Find the internal generated voltage E, of this generator at full load, assuming it 
has a salient-pole rotor. 


Solution 
(a) Since this generator is A-connected, the armature current at full load is 


The power factor of the current is 0.8 lagging, so the impedance angle @ of the 
load is 


@ = cos! 0.8 = 36.87° 
Therefore, the internal generated voltage is 
Ey = Vg + JXsl, 
= 480 20° V + j(0.1 (693 2 -36.87° A) 
= 480 2 0° + 69.3 2 53.13° = 524.5 26.1°V 


Notice that the torque angle dis 6.1°. 

(b) Assume that the rotor is salient. To break down the current into direct- and 
quadrature-axis components, it is necessary to know the direction of Ey. This di- 
rection may be determined from Equation (C-8): 


EY = Vg + Rly + JX My (C-8) 


= 4802 0° V + OV + (0.075 (6932 —36.87° A) 
= 48020° + 522 53.13° = 51324.65° V 


The direction of E, is 6 = 4.65°. The magnitude of the direct-axis component of 
current is thus 


Ty = 1, sin (8 + 8) 
= (693 A) sin (36.87 + 4.65) = 459A 
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and the magnitude of the quadrature-axis component of current is 
I, = I, cos (@ + 4) 
= (693 A) cos (36.87 + 4.65) = 519A 
Combining magnitudes and angles yields 


Ig = 459 2 -85.35° A 
Ty = 519 2 4.65°A 
The resulting internal generated voltage is 
Ey = Vg + Raly + Xda t+ XA, 
= 480 20° V + OV + (0.1 11459 2 -85.35° A) + (0.075 1Y(519 2 4.65° A) 
= $24.3 24.65° V 
Notice that the magnitude of E, is not much affected by the salient poles, but the 


angle of E, is considerably different with salient poles than it is without salient 
poles. 


C.2 TORQUE AND POWER EQUATIONS OF 
SALIENT-POLE MACHINE 


The power output of a synchronous generator with a cylindrical rotor as a function 
of the torque angle was given in Chapter 5 as 
3V,E, sin 6 
ane ae (5-20) 


This equation assumed that the armature resistance was negligible. Making the 
same assumption, what is the output power of a salient-pole generator as a func- 
tion of torque angle? To find out, refer to Figure C-6. The power out of a syn- 
chronous generator is the sum of the power due to the direct-axis current and the 
power due to the quadrature-axis current: 


Xqly 


gee 


ly P=3V,1,cos (90° - 5) +3 V,I, cos 5 


FIGURE C-6 
Determining the power output of a salient-pole synchronous generator. Both I, and I, contribute to 
the output power, as shown. 
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P= PtP, (C-9) 
= 3V,1, cos (90 8) + 3V,I, cos 6 
= 3V,1, sin 6 + 3V,1, cos 6 


From Figure C-6, the direct-axis current is given by 


E, — Vcosé 
I, = x, (C-10) 


and the quadrature-axis current is given by 


V, sind 
Pree, iatedieed 
ro x, (C-11) 
Substituting Equations (C—10) and (C—11) into Equation (C—9) yields 


E, — V4 cos 8 V, sind 
P= sv,(—2 a") sind + av") cos 
q 


Xa 
3V,E 
— GFA 2 +-# 
= oe sind + 308 (5° x, sin 6cos 6 


Since, sin 6 cos 6 = Asin 26, this expression reduces to 


3V,E 3V2 (Xx, -X 
P =—*4 cin § + —2% ee , sin 28 (C-12) 
x 2 \ X,X, 


The first term of this expression is the same as the power in a cylindrical ro- 
tor machine, and the second term is the additional power due to the reluctance 
torque in the machine. 

Since the induced torque in the generator is given Dy Ting = Prony /@,, the in- 
duced torque in the motor can be expressed as 


3V,E, 


3V2 /X, —X. 
tA sind + =| g 


a sin 28 (C_13) 
dXg 


T. — 
ind ®,, X, 


20, 


The induced torque out of a salient-pole generator as a function of the 
torque angle 6 is plotted in Figure C-7. 


PROBLEMS 


C-1. A 480-V, 200-kVA, 0.8-PF-lagging, 60-Hz, four-pole, Y-connected synchronous gen- 
erator has a direct-axis reactance of 0.25 Q, a quadrature-axis reactance of 0.18 &2 and 
an armature resistance of 0.03 Q. Friction, windage, and stray losses may be assumed 
negligible. The generator’s open-circuit characteristic is given by Figure P5—1. 

(a) How much field current is required to make V; equal to 480 V when the gener- 
ator is running at no load? 

(b) What is the internal generated voltage of this machine when it is operating at 
rated conditions? How does this value of E, compare to that of Problem 5-2b? 
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ELECTRIC MACHINERY FUNDAMENTALS 


Ting N-m Total torque 


Cylindrical 
torque 
. 


angle 5, 
d 
90 egrees 
Reluctance 
torque 


180° 


FIGURE C-7 
Plot of torque versus torque angle for a salient-pole synchronous generator. Note the component of 
torque due to rotor reluctance. 


C-2. 


C-3. 


c+, 


(c) What fraction of this generator’s full-load power is due to the reluctance torque 
of the rotor? 

A 14-pole, Y-connected, three-phase, water-turbine-driven generator is rated at 120 

MVA, 13.2 kV, 0.8 PF lagging, and 60 Hz. Its direct-axis reactance is 0.62 Q and its 

quadrature-axis reactance is 0.40 Q. All rotational losses may be neglected. 

(a) What internal generated voltage would be required for this generator to operate 
at the rated conditions? 

(b) What is the voltage regulation of this generator at the rated conditions? 

(c) Sketch the power-versus-torque-angle curve for this generator. At what angle 5 
is the power of the generator maximum? 

(d) How does the maximum power out of this generator compare to the maximum 
power available if it were of cylindrical rotor construction? 

Suppose that a salient-pole machine is to be used as a motor. 

(a) Sketch the phasor diagram of a salient-pole synchronous machine used as a 
motor. 

(b) Write the equations describing the voltages and currents in this motor. 

(c) Prove that the torque angle 6 between E, and V, on this motor is given by 


1,Xq cos 6 — [4R, sin 0 


= ef 
6 = tan" V, + 1X, sin 0 + 14R, cos 6 


If the machine in Problem C—] is running as a motor at the rated conditions, what is 
the maximum torque that can be drawn from its shaft without it slipping poles when 
the field current is zero? 


APPENDIX 


TABLES OF 
CONSTANTS 
AND 
CONVERSION 
FACTORS 


Constants 

Charge of the electron e=-16x 10°"C 
Permeability of free space fig = 400 X 10-7 Him 
Permittivity of free space € = 8.854 x 107"? Fim 


Conversion factors 


Length 1 meter (m) = 3.281 ft 

= 39.37 in 
Mass 1 kilogram (kg) = 0.0685 slug 

= 2.205 lb mass (Ibm) 
Force 1 newton (N) = 0.2248 Ib force (lb ¢ f) 

= 7.233 poundals 

= 0.102 kg (force) 
Torque 1 newton-meter (N * m) = 0.738 pound-feet (Ib ¢ ft) 
Energy 1 joule (J) = 0.738 foot-pounds (ft * lb) 


= 3.725 x 107 horsepower-hour (hp ¢ h) 
2.778 X 107 kilowatt-hour (kWh) 


Power 1 watt (W) = 1.341 x 10% hp 
= 0.7376 ft © lbf/s 
1 horsepower = 746 W 
Magnetic flux 1 weber (Wb) = 10° maxwells (lines) 
Magnetic flux density | tesla (T) = 1 Wb/ mm? 
= 10,000 gauss (G) 
= 64.5 kilolines/in’ 
Magnetizing intensity 1 ampere ¢ turn/m = 0.0254 A® turns/in 
= 0.0126 oersted (Oc) 
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abe phase sequence, 684, 685, 689 
ac generator 
induction generator, 460-464 
synchronous generator, 267-345. See 
also Synchronous generator 
ac machine, 230-472 
coil pitch, 707-716 
de machines, compared. 681 
defined, 230 
distributed windings, 716-725 
efficiency, 26! 
induction motor, 380-472. See also 
laduction motor 
losses, 261-262 
magnetomotive force/flux distribution, 
246-250 
power-flow diagram, 262, 263 
speed regulation, 263-264 
synchronous generators, 267-345. See 
also Synchronous generators 
synchronous motors, 346-379. See 
also Synchronous motors 
torque, 237-238, 255-258 
voltage, 233, 250-255 
voltage regulation, 262-263 
winding insulation, 258-260 
ac machine stators, 716 
ac motor. See Induction motor; 
Synchronous motor 
ac phase angle control, 180-186 
ac phase control, 177-186 
ach phase sequence, 684, 685, 689 
Acceleration/deceleration circuit, 592 
Across-the-line starting, 430, 432 
Air gap, 518 
Air-gap flux density distribution, 707 
Air-gap line, 284 
Air-gap power, 395, 397, 408, 661-662 
Alternators. See Synchronous generators 
Amortisseur windings, 367-371 
Ampere * turn/m, 737 
Ampere’s law, 8 
Analog pulse generation circuits, 171 
Analysis. See also Nonlinear analysis 
cumulatively compounded dc 
generators, 614-615 
differentially compounded dc 
generators, 618-619 
shumt dc generator, 606-608 
Angular acceleration, 4 
Angular position, 3 
Angular velocity, 3-4 
Apparent power, 49-50 
syachronous generator, 327 
transformer, 138-139 
Apparemt power rating advamage, 
112-113 
Approximate transformer models, 89 
Armature, 490, 520 
Armature loss, 524 
Armature reaction 
de machines, 502-505, 520 
pole faces, 520 
separately excited dc generator. 598 
shunt dc motor, 540 
synchronous generator, 274 


Armature reaction voltage, 276 
Armature resistance voltage drop, 732 
Armature windings, 267, 492-493, 520 
Autotransformer, 109-116 
apparent power rating advantage. 
142-113 
disadvantage, 115 
internal impedance, 115 
variable-voltage. 115 
voltage/current relationships, | 11 
Autotraasformer starter (induction 
motor), 432 
Average flux per turn, 78 
Average power, 48, 49 


Balanced three-phase systems, 693-700 

Balanced Y-connected load, 690 

Base speed, 438, 553 

Belt harmonics, 714 

Blocked-rotor condition. 390 

Blocked-rotor rotor reactance, 391 

Blocked-rotor test, 455 

Breadth factor, 718-720 

Breakdown torque, 409. See also Pullout 
e 

Breakover voltage {Vgo), 155 

Brush. 268 

Brush drop losses, 525, 593 

Brush losses, 525 

Brush shifting, 508 

Brush voltage drop, 525 

Brushes, 489, 521-523 

Brushless de motor, 674-677 

Brushless exciters, 268-271 


Cage induction motor, 382 

Cage rotor. 380, 381, 417-419 

Capability curve, 329-334 

Capability diagram, 329 

Capacitive load, 51 

Capacitor-start, capacitor-run motor, 

650, 653 

Capacitor-start motors, 649-653 

Care losses, 28 

Chamfered poles, 520, 521 

Charge of the electron, 737 

Choke, 171 

Chopper, 186-193 
forced commutation, 187, 188-189 
parallel-capacitor commutation 

circuits, 191-193 
series-capacitor commutation circuits, 
189-191 

Chorded winding. 491 

Chorded windings, 709 

Circulating current cycloconverter, 

215-218 

Code letter, 430, 431 

Coercive magnetomotive force, 27 

Coil pitch, 707-716 
fractional-pitch coil, 709-712 
fractional-pitch windings, 712-716 
harmonic problems, 712-716 
pitch of a coil, 708-709 

Common current ([,). 109 
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Common voltage (V-), 109 
Common winding, 109 
Commutating machinery. See dc 
machine 
Commutating poles/interpoles, 508-511 
Commutation 
chopper circuits, 188-189 
cycloconverter, 210 
defined, 479, 485, 489 
external commutation inverter, 194 
forced, 187, 188-189, 210 
four-loop de machine, 485-490 
parallel-capacitor commutation circuit, 
191-193 
self-commuitation inverter, 195 
series-capacitor commutation circuit, 
189-191 
Commutator, 473, 499, 519, 521-523 
Commutatar pitch, 492 
Commutator segments, 479, 489 
Comparator, 202 
Compensating windings, 512-513 
Complex power, 50-51 
Compovnded de generator 
cummlatively compounded, 611-615 
differentially compounded, 615-619 
Compounded de motor, 568-573 
equivalent circuit, 569 
Kirchhoff's voltage law, 568 
Magnetomotive force, 568-569 
nonlinear analysis, 571-573 
speed control, 573 
torque-speed characteristic 
(cumulatively compounded 
motor), 569-570 
torque-speed characteristic 
(differentially compounded 
motor), 570-571 
Computer software program. See 
MATLAB 


Condenser, 364 
Conductance, 12 
Conductor, 490 
Conductor skewing, 724, 725 
Consequem poles, 437 
Constant-frequency cycloconverter, 209 
Constant-horsepower connection, 439 
Constant-output-power connection, 438 
Constants, 737 
Constant-torque connection, 438, 439 
Conversion factars, 737. See also Units 
of measure 
Copper losses 
ac machines, 261] 
dc machines, 524-525 
dc motors, 592 
induction motors, 395 
modeling, 86 
RCL. 261, 662 
SCL, 261 
single-phase induction motors, 662 
synchronous generator, 328 
transformer, 86, 102 
Core loss, 28 
ac machines, 261-262 
de machines, 525 
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Core loss—Cont. 

de motors, 593 

induction motors, 395 
Core-form transformer. 67 
Core-loss current, 83 
Countervottage-sensing relays, 581 
Cross-field theory, 643-645 
CSI, 195-199 
Cumulative compounding, 568 
Cumulatively compounded de generator, 

611-615 
Cumulatively compounded de motor, 
568-573 

Current 

common, 109 

core-loss, 83 

A connection, 688-689 

excitation, 83 

inrush, 140 

lagging. 51 

leading, 52 

magnetization, 81-82 

series, 109 

three-phase circuit, 685-689 

Y connection, 685-688 
Current inrush, 139-140 
Current source inverter (CSI), 195-199 
Current transformer, 68, 141-142 
Curreat-limiting circuit, 592 
Curreat-limiting fuses, 589 
Cycloconverters, 209-218 

basic concepts, 209-14 

cisculating current, 215-218 

constant-frequency, 209 

forced commutation, 210 

noncirculating current, 214-215 

variable-frequency. 209 
Cylindrical-motor machine. 247 


Damper windings, 367-37] 
dc armature voltage controller 
circuit, 585 
dc generators, 594-619 
cumulatively compounded, 611-615 
defined, 594 
differentially compounded, 615-619 
equivalent circuit, 595, 596 
popularity, 595 
Prime mover, 595 
separately excited, 596-602. See also 
Separately excited de generator 
series, 608-610 
shunt, 602-608. See also Shunt de 
generator 
types, 594 
voltage regulation, 595 
de machine, 473-632 
ac machines, compared. 631 
armature reaction, 502-505 
brush shifting, 508 
brushes, 521-523 
commwutating poles/interpoles, 
508-51] 
commutation, 485-489 
commutator, 473, 519, 521-523 
compensating windings, 512-513 
construction, 518-523 
efficiency, 524 
four-loop machine, 485-490 
frog-leg winding, 501-502 
generators. See dc generators 
insulation, 521-523 
L difdt voltage, 505-507 
lap winding, 493-497 
bosses, 524-525 
motors. See dc motors 


pole/frame construction, 520-521 
power-flow diagram, 525-526 
problems, 502-514 
rotating loop between curved pole 
faces, 473-485 
rotor/armature construction, 521 
rotor coils, 490-492 
rotor (armature) windings, 492-493 
torque. 480-482, 516-517 
voltage, 475-480, 514-516 
wave winding, 497-501 
dc machine magnetization curves, 
536-538 
de motor, 533-594 
compounded de motors. 568-573 
control and protection equipment, 573 
efficiency. 592-594 
equivalent circuit, 535-536 
losses, 592-593 
magnetization curve, 536-538 
motor starting circuits, 578-582 
PMDC motors, 559-562 
popularity, 534 
separately excited motor, 538-539, 
551. See also Stunt de motors 
series de motors, 562-568 
shunt de motors, 538-539. See also 
Shunt de motors 
solid-state de motor controller, 
585-592. See also Solid-state de 
motor controller 
speed regulation (SR), 534-535 
starting problems/solutions, 573-582 
types, 535 
Ward-Leonard system, 583-585 
de motor starting circuits, 578-582 
dc test, 454-455 
de-to-de converters, 186-193. See also 
Chopper 
Deep-bar rotor, 420-422 
Delta (A) connection, 688-689 
Delta-delta (A-A) connection, 123 
Delta-wye (4-Y) connection, 121-122 
Derating, 134, 441 
Design class A motors, 422 
Design class B motors, 422 
Design class C motors, 422 
Design class D motors, 422-423 
Design class F induction motor, 423 
Design classes, 421-423 
Developed mechanical power, 397 
Developed torque, 398 
DIAC, 158 
Differentially compounded de generator, 
615-619 
Differentially compounded de motor. 
568-573 
Digital pulse generation circuits, 171 
Diode, 153-154 
defined, 153 
free-wheeling. 186 
PIV, 154 
PNPN, 154-155 
switching time, 154 
trigger, 154 
Direct synchronous reactance. 731 
Distributed windings, 716-725 
breadth/distribution factor, 718-720 
slot harmonics, 722—724 
voltage, 721 
Distribution factor, 718-720 
Distribution transformer, 67, 98 
Distribution transformer nameplate, 141 
Diverter resistor. 613, 614 
Domain, 27 
Dot convention, 70, 84 
Double-cage rotor, 420-422 


Double-layer windings, 718 
Double-revolving-field theory, 638-642 
Doubly excited synchronous 

machine, 388 
Duplex lap winding, 496 
Duplex rotor winding, 492 
Dynamic stability limit, 320 


Eccentric poles, 520, 521 
Eddy current losses, 28 
Faraday’s law, 31 
ferromagnetic core, 28 
transformer, 86, 102 
Eddy currents, 3) 
Edison, Thomas A., 66 
Efficiency. See also Energy loss 
ac machine, 261 
de machines, 524 
de motors, 592-594 
induction motors, 428-430 
nominal, 428-429 
transformer, 102 
Electric circuit, 11 
Electrical degrees, 490, 708 
Electrical losses. 261. See also Copper 
losses 
Electrica! machine, 1 
Electronics circuit board, 587 
Energy, 737 
Energy toss 
ac machines, 261-262 
brush losses, 525 
copper losses. See Copper losses 
core loss, See Core loss 
de machines, 524-525 
de motors, 592-593 
eddy currem losses. See Eddy current 
losses 
ferromagnetic care, 26-28 
friction losses, 262 
hysteresis loss, 28 
induction motors, 394-396 
mechanical losses, 262 
no-load rotational loss, 262 
rotational Insses, 395 
stray losses. 262 
transformers, 102 
windage losses, 262 
English system of unit, 2, 53, 737. See 
also Units of measure 
Equalizers, 494, 496, 498 
Equalizing windings. 494, 496, 498 
Equivalent circuit 
compounded de motors, 569 
cumulatively compounded dc 
generator, 611, 612 
dc generator, 596, 597 
de motor, 535-536 
differentially compounded de 
generator, 616 
ideal transformer, 73 
induction motor, 388-394 
per-phase. See Per-phase equivalent 
circuit 
satient-pole synchronous generator, 
T2B—T34 
separately excited dc generator, 
596-597 
separately excited de motor. 538 
series de generator, 609 
shum de generator, 603 
shum de motor, 538 
synchronous generator, 274-279 
synchronous motor, 347 
transformer, 86-94 
Equivalent field current, 544, 599 


Excitation current, 83 
External commutation inverter, 194 


Fan torque connection, 439 
Fan torque patiern, 448, 45] 
Faraday’s law, 28-32 
Fast-recovery high-speed diodes. 154 
Fault, 321-326 
Ferromngnetic materials 
defined, 8 
energy losses, 26-28 
magnetic behavior, 21-25 
Magnetization curve, 560 
permeability. 2! 
Field circuit, 324 
Field circuit loss, 524 
Field loss relay, $59, 581 
Field loss trip. 589 
Field resistance. 593 
Field windings, 267, 520 
Filtering rectifier output. 171 
Firing angle, 179, 181-184 
Flashing the field, 604 
Flashover, 504 
Flat-compounded, 613 
Flux 
ac machines, 246-250 
uir-gap flux density distribution, 707 
leakage, 13, 78, 79 
Magnetic circuit. 12-13 
routual, 78, 79 
residual, 27 
series de motors, 363 
Flux density, 10, 19-21 
Flux density vector, 247 
Fox linkage, 31, 77 
Flux weakening, 504-505 
Force, 737 
Forced commutation, 187, 188-189, 210 
Form-wound stator coil, 717 
Four-loop two-pole dc machine, 485 
Four-pole lap- wound de motor. 495 
Four-pole shaded-pole induction 
motor, 655 
Four-pole stator winding. 243 
Four-pole wave-wound de machine, 499 
Four-quadrant solid-state dc motor 
controller, $86 
Fractional-pitch coil, 491. 708. 709-712 
Fractional-pitch windings, 249, 712-716 
Fractional-slot harmonics, 724 
Frame, 518 
Free-wheeling diode, 186 
Frequency 
induction motors, 386-388, 438-443 
synchronous generator. 326-327 
syachronous motots, 373 
transformez, 134 
Frequency-power characteristic, 
304-305, 317, 319 
Frequency-versus-power diagram, 
309. 310 
Friction losses, 262, 525 
Fringing effect, 14 
Frog-leg winding. 501. 502 
Full-load vokage regulation. 100 
Full-pitch coil, 490, 708 
Full-wave rectifier 
single-phase, 167-168 
theee-phase, 169-170 
Fundamental frequency, 204 
Fuse. 578, 579 


Gate tumoff (GTO) thyristor, 157 
General Electric energy saver motor. 429 
General-purpose pattern, 448, 449 


Generator 
de. 594-619. See also de generators 
defined. | 
induction, 460-464 
near de motor, 41-42, 44 
synchronous, 267-345. See also 
Synchronous generator 
Generator action, 8, 35 
Ghost phase. 126 
Governor mechanism, 304 
Graphical analysis. See Analysis 
GTO thyristor, 157 


Half-wave rectifier 

single-phase, 163-166 

three-phase, 168-169 
Harmonic problems, 218-221, 712-716 
Heating limit. 335 
Higher-voltage transmission lines, 76 
High-power electronics section, 590 
High-power solid-state devices. See 

Power electronics 

High-slip region. 405 
High-starting-torque pattem, 448, 450 
Holding current (Iq), 155 
Horsepower, 737 
House diagram, 309, 311 
Hysteresis. 26 
Hysteresis curve. 77 
Hysteresis loop. 26, 560 
Hysteresis loss, 28 
Hysteresis motors. 666-669 


I, 109 
Iq. 110, 155 
[. 110 
Ise, 109 
PR losses. See Copper losses 
Ideal transformer, 67-76 
aarcuits, 72-76 
conversion of real transformer 10, 86 
dot convention, 70 
impedance transformation, 71-72 
magnetization curve, 85 
power out. 71 
schematic symbol, 69 
twins ratio, 9 
IGBT. 161-162, 209 
Impedance 
autotransformer, 115 
defined, 71 
ideal transformer, 71-72 
internal machine, 285 
fotor circuit model, 391 
Thevenin, 407 
Impedance angle, 48, 49, 51, 52 
Induced force on wire, 32-33 
Induced torque. See Torque 
induced voltage. See Voltage 
Induction generator, 460-464 
Induction machines, 230, 380 
Induction motor. 380-472 
adjustable acceleratioa/deceleration 
ramps, 448, 452 
cage rotor, 380-382, 417-419 
carcuit mode! parameters, 452-460 
current limit, 466 
dc test, 454-455 
deep-bar rotor, 420-422 
design classes, 421-423 
distinguished feature. 380 
double-cage rotor. 420-422 
drives, 44452 
efficiency, 428-430 
electrical frequency on rotor. 386-388 
equivalent circuit, 388-394 
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historical overview, 426-428 
induced torque, 384-385, 401-408 
line frequency, 438-443 
line voltage. 443 
locked-rotor test, 455-458 
losses, 394-396 
magnetic field, 402 
magnetic motor starter circuit, 
432-434 
magnetization curve, 389, 390 
method of consequent poles, 436-438 
nameplate, 464-465 
no-load test, 452-454 
overload/under voltage protection, 
433-44 
per-phase equivalent circuit, 394 
pole changing, 436-438 
power, 396-398, 466 
power limit. 466 
power-flow diagram, 394 
pullout tangue, 410-413 
PWM drives. 444-147 
ratings, 464166 
resistive starter circuit, 434, 435 
rotor circuit mode}, 390-393 
rotor frequency, 387 
rotor resistance, 443-444 
rotor slip. 386 
rotor versus stator reactances, 457, 458 
separating rotor copper losses/power, 
398-401 
short-circuit protection, 433 
single-phase motors, 637-665. See 
also Single-phase induction 
motors 
speed control, 434-444 
Starting, 430-434 
starting code letters, 430, 431 
synchronous speed, 385, 435-436 
torque. 384-385, 398, 401-408. 
410-413 
torque-speed characteristic, 401-416 
transformer model, 389-390 
voltage, 443, 465-466 
voltage rating. 465-466 
voltage-versus-frequency patterns. 
448-45) 
wound rotor, 382-384 
Induction motar coatrol circuits, 433 
Induction motor design classes. 42}-423 
Induction motor drives, 444-452 
Induction motor ratings, 464-466 
Induction motor starting circuits, 
432-434 
Inductive kick, 505 
Inductive load, 51, 184-186 
Infinite bus, 308 
Input winding. 66 
Inrush current. 140 
Instantaneous static trip, 589 
Instrument transformers, 140-142 
Insulated-gate bipolar transistor (IGBT). 
161-162. 209 
insulation 
ac machines, 259, 260 
de machines. 491, 523-524 
overheating. 335. 336 
rotor coils, 491 
synchronous generators, 335 
Internal machine impedance, 285 
Inverse-time overload trip, 589 
Inverter, 193 
current source, 195-199 
external commutation, 14 
PWM. 202-209 
rectifier-inverter, 193-209 
voltage source, 195, 196, 199-202 
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Joule (J), 737 


Kilogram (kg), 737 
Kilovohtamperes, 327 
Kirchhoff's current law. 683 
Kirchhoff's voltage law 
compounded de motor, 568 
equivalent circuit (synchronous 
generator), 276 
equivalent circuit (synchronous 
motor), 347 
field current changes (synchronous 
motor), 357 
linear dc machine. 37 
separately excited de generator. 597 
separately excited de motor, 539 
series dc generator, 609 
senes dc motor, 562 
shuat de generator. 603 
shual dc motor, 539 
transformer phasor diagram, 100 
¥ coanection, 687 
Knee, 21 
KVL equation. See Kirchhoff 's 
voltage law 


L di/dt voltage, 505-507 
Lagging current, 51 
Lagging power factor 
synchronous generator, 289. 290 
synchronous motor, 349, 355 
Laminations, 31 
Lap wiading. 493-497 
Large power systems, 308-312 
Leading current, 52 
Leading power factor 
synchronous generator, 290 
synchronous motor, 352. 362 
Leakage Mux. 13. 78. 79. 86 
Leakage reactance. 417 
Length, 737 
Lenz's law, 29, 30, 31, 85 
Line frequency, 438-443 
Line quantities, 685 
Linea dc machine, 36-47 
four basic equations. 36-37 
Generator, as, 41-42, 44 
motor, as. 39-41, 44 
sturuing the machine, 37-39, 4217 
Load changes 
synchronous generators. 289-299 
synchronous motor, 351-355 
Load-commutated inverter, 194 
Locked-rotor condition, 390 
Locked-rotor test, 455-458 
Long-shunt connection. 615. 616 
Loss. See Energy loss 


Low-power electronics section, 590-592 


Low-slip region. 405 


Magnetic circuit, 11-23 
Magnetic core, 9 
Magnetic domains, 27 
Magnetic field, 8-28 
basic principles, 8 
effect on surroundings. 32, 33 
Faraday's law. 28-32 
(ringing effect, 14 
induced voltage on conductor, 34-35 
induction motors, 402 
magnetic circuit, | 1-2] 
production of. 8-10 
rotating field, 238-246. See also 
Rotating magnetic field 
simple loop, 230-238 
single-phase induction motor, 
658-659 
synchronous motor, 347-350 


Magnetic field intensity, 9, 10 
Magnetic flax. 737 
Magnetic flux density, 9-10, 19-21, 737 
Magnetic motor starter circuit. 432-434 
Magnetic neutral plane, 502 
Magnetic permeability. 9, 21 
Magnetization curve, 21, 22 
de motors. 536-538, 545 
ferromagnetic material, 560 
ideal transformer, 85 
induction machine, 463 
induction motor, 389, 390 
synchronous generator, 273 
transformer. 85, 136. 390 
23 115-V transformer, 136 
250-V de motor, 545 
Magnetizing intensity, 21. 737 
Mogneuzing reactance, 389 
Magnetomotive force 
ac machines, 246-250 
brush shifting. 508, 509 
compensating windings, 512-513 
compounded de motor, 568 
cumulatively compounded de 
generator, 611 
de machine, 508, 509, 512-513 
differentially compounded de 
generator, 616 
Magnetic circuit, |] 
separately excited dc generator, 598 
unit of measure, £1 
Magnetomotive force (mmf). 11 
Main transformer, 131 
Manual de motor starter. 575 
Mass, 737 
MATLAB 
field current changes (synchronous 
maot), 359 
firing angie, 181-183 
linear de motor. 46 
magnetic circuit, 16-17 
magnetization curves, 537-538 
ripple factor. 165-166 
rotating magnetic field, 245-246 
speed (shunt de motor), 556-557 
terminal characteristic of synchronous 
generator, 298-299 
torque -speed characteristic (induction 
motor), 415-416, 424-425 
tongue -speed characteristic (series dc 
motor), 566-567 
torque -speed characteristic (shunt de 
mutor), 546-547 
voltage regulation, 106-107 
voltage/ frequency ratings, 136-138 
Measurement. See Units of measure 
Mechanica! degrees, 708 
Mechanical losses, 262, 525, 593 
Meter (m), 737 
Method of consequent poles, 436-438 
M-file. See MATLAB 
Miscellaneous tosses, 262. 525 
mmf, 11, See also Magnetomotive force 
Moderate-slip region. 405 
Moment of inertia, 6 
Motor action, 8. 33 
Motors 
brushless. 674-677 
de, 533-594. See also de motar 
defined, | 
hysteresis, 666-669 
induction. 380-472. See also 
Induction motor 
linear de motor, 39-41, 44 
reluctance, 665-666 
single-phase, 633 


single-phase induction. 637-665. See 
also Single-phase induction 
motors 
special-purpose, 665-667 
stepper, 670-674 
synchronous, 346-379. See also 
Synchronous motor 
universal, 634-636 
m-plex lap winding, 496 
Multiple stator windings, 438 
Multiplex wave winding, 500 
Multiplex windings. 493 
Mutual flux, 78, 79 


Nameplate, 140, 141 
induction motor, 464-465 
synchronous motor, 373 
transformer, 140, 141 
Negative group, 214 
NEMA code letters. 431 
NEMA insulation classes 
imegral-horsepower ac machines, 259 
imegral-horsepower de motors, 523 
mean insulation iife vs. winding 
temperuture, 260 
NEMA nominal efficiency 
standards, 429 
NEMA Standard MG1-1993 (Motors 
and Generators), 259, 524 
Neutral, 683 
Neutral-plane shift. 502-504 
Newton {N}, 737 
Newton-meter (N © m), 737 
Newton's law of rotation. 6 
No-load rotational bosses, 262, 593 
No-load termical voltage, 463 
No-load test, 452-454 
Nominal efficiency, 428-429 
Noncirculating current cycloconverter, 
212-215 
Nonlinear analysis. See also Analysis 
compounded de motor, 571-573 
separately excited dc generator, 
598-602 
shunt de motor, 543-547 
Nonsalient pole. 268 
Nonsalient-pole machines, 247 
Nonsatient -pole rotor. 268 
Normally closed contact, 579 
Normally open contact, 578-579 
Notation, 2 


OCC, 283-284 
Ohm's law, 12, 50 
Oncoming generator, 301 
One-line diagrams, 700 
Open-circuit characteristic (OCC), 
283-284 
Open-circuit test 
synchronous generator. 283 
transformer, 90-9) 
Open-A connection, 126-129 
Opea-wye-open-delta connection, 
130-131 
Output winding, 66 
Overcompounded, 613 
Overheating of windings, 335, 336 
Overload, 579 
Overload protection, 433-434 
Overtemperature trip. 589 


Parallel operation of ac generators, 
29-319 
advantages, 300-301 
frequency -power characteristics, 
317, 319 
generators of some size. 312-318 
infinite loss, 308-312 


large power systems, 308-312 
paralleling conditions, 30j-303 
step-by-step procedure, 303-304 
synchroscope, 303-304 
three-light-bulb method, 302, 303 
Parallel-capacitor commutation circuit, 
191-193 
Peak inverse voltage (PIV), 154 
Percentage of ripple, 163 
Permanent split-capacitor motors, 
650, 652 
Permaneat-magnet dc (PMDC) motor, 
559-562 
Permanent-magnet stepper motor, 
672-673 
Permeability 
ferromagnetic materials, 2} 
free space, 10, 737 
magnetic, 9, 2] 
relative, 10 
units of measure, 10 
Permeance, 12 
Permittivity of free space, 737 
Per-phase equivalent circuit 
balanced three-phase systems, 
693, 694 
induction motor, 394 
synchronous generator, 278-279 
synchronous motor, 348 
Per-unit system of measurements 
single-phase transformer. 94 
three-phase transformer, 123-124 
Phase belt, 718 
Phase group, 718 
Phase quantities, 685 
Phase sequence, 684, 685 
Phasor diagram 
salient-pole synchronons 
generator, 732 
synchronous generator, 279-280 
synchronous motor, 349 
transformer, 100-101 
Pilot exciter, 271 
Pitch factor, 491, 712 
Pitch of a coil, 708-709 
PIV, 154 
Plex (armature windings), 492 
Plugging, 410 
PMDC motor, 559-562 
PNPN diode, 154-155 
Pole changing, 436-438 
Pole face, 518 
Pole pieces, 518 
Pole pitch, 708 
Pole shoes, 518 
Position sensor, 677 
Positive group, 214 
Potential transformer, 68, 141 
Power, 7-8 
air gap, 395, 397, 408 
apparent, 49-50. See also 
Apparent power 
complex, 50-51 
defined, 7 
developed mechanical, 397 
equation, 7 
induction motor, 396-398, 466 
reactive, 49 
real, 48 
salient-pole machine, 734-735 
syochronous generator, 280-283 
three-phase circuits, 690-693 
units of measure, 7, 737 
Power diodes, 153-154 
Power electronics, 152-229 
components, 153-162 
cycloconverters, 209-218. See also 
Cycloconverters 


de-to-de power control, 186-193. 
See also Chopper 
DIAC, 158 
diode, 153-154 
GTO thyristor, 157 
harmonic problems, 218-221 
IGBT, 161-162 
inverters, 193-209 
PNPN diode, 154—£55 
power transistor, 160 
power/speed comparisons, 162 
pulse circuits, 171-177 
pulse synchronization, 177 
rectifier circuits, 163-170. See aiso 
Rectifier circuits 
rectifier-inverter, 193-209. See also 
Taverter 
SCR, 155-157 
TRIAC, 158-159 
voltage variation (ac phase control). 
177-186 
Power factor, 52 
synchronous generator, 328 
synchronous motor, 360-363 
Power limits, 327 
Power out, 71 
Power transformers, 67 
Power transistor (PTR), 160 
Power triangle, 51-53, 700-703 
Power-factor correction, 360-363 
Power-flow diagram, 262 
ac generator, 262, 263, 280-281, 526 
ac motor, 263, 526 
single-phase induction motor, 660 
Preformed stator coils. 716, 717 
Primary winding, 66 
Prime mover 
de generator, 595 
synchronous generator. 304, 305 
synchronous motor, 367 
Prime-mover power limit, 33! 
Progressive lap winding, 495 
Progressive rotor winding, 493 
Progressive wave winding, 501 
Progressive winding. 492 
Protection circuit section, 589 
PTR, 160 
Pullout torque 
induction motor, 410-413 
synchronous motor, 35! 
Polse circuits, 171-177 
Pulse synchronization, 177 
Pulse-width modulation, 202 
Pulse-width modulation (induction 
motors), 444-447 
Pulse-width modulation (PWM) 
inverters, 202-209 
Push button switches, 578, 579 
Pushover torque. 460, 461 
PWM drive (induction motors), 444-447 
PWM inverters, 202-209 


Quadrature synchronous reactance, 731 


Ratings 
induction motor, 464-466 
synchronous generators, 326-336. 
See also Synchronous 
generator ratings 
syochronous motor, 372-373 
transformer, 134-139 
RCL, 261, 662 
Reactance 
direct synchronous, 731 
induction motors. 457, 458 
heakage, 417 
magnetizing, 389 
quadratic synchronous, 731 
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rotor, 391 
subtransient, 325 
synchronous, 276, 285, 286 
transient, 325 
Reactive power, 49 
Reactive power-voltage characteristic, 
305-306 
Real power, 48 
Real transformer, 76-86 
conversion of, to ideal transfer, 85 
core-loss current, 83 
current ratio/dot convention, 84-85 
excitation current, 83 
hysteresis curve, 77 
magnetization current, 31-82 
voltage ratio, 78-80 
Rectifier circuits, 163-170 
defined, 163 
filtering rectifier output, 170, 171 
full-wave rectifier, 167-168 
half-wave rectifier, 163-166 
rectifier-inverter, 193 
SCR, 155-156 
three-phase full-wave rectifier, 
170-171 
three-phase half-wave rectifier, 
169-170 
Rectifier-inverter, 193-209. See also 
Inverter 
Referred resistance and reactance, 393 
Referring, 73 
Regeneration, 584 
Relative permeability, 10 
Relaxation oscillator, 171-177 
Reluctance, 12, 13 
Reluctance motors, 665-666 
Reluctance torque, 665 
Reluctance-type stepper motors, 673 
Residual flux, 27 
Resistive starter circuit, 434, 435 
Resistive starter circuit (induction 
motors), 434, 435 
Retrogressive rotor winding, 493 
Retrogressive winding, 492 
Reverse-blocking diode-+type 
thyristor, 154 
Ripple factor, 163, 164-166 
rms voltage (three-phase stator), 254 
Rotating loop between curved pole 
faces, 473-485 
Rotating magnetic field, 238-246 
electrical frequency/speed of rotation. 
242-244 
MATLAB program, 245-246 
reversing direction, 244-246 
Rotating transformer, 386 
Rotational losses, 395 
Rotational motion, 3-5 
Rotor, 231, 473 
Rotor coils, 490-492 
Rotor copper loss (RCL), 261, 662 
Rotor reactance, 391 
Rotor slip, 386 
Rotor windings, 267, 492-493 
Runaway, 559 


Salient pole, 267, 52) 

Salient-pole machines, 247 

Salient-pole rotor, 268, 269 

Salient-pole synchronous generator, 
728-734 

Salient-pole theory of synchronous 
machines, 727-736 

Saturated synchronous reactance, 286 

Saturation curve, 21 

Saturation region, 21 

SOC, 284 

SCL, 261 
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Scott-T connection. 13), 132 
SCR, 155-156 


SCR-based controller circuits. See Solid- 


state de motor controller 
SD, 304 
Secondary winding, 66 
Self-commutation inverters, 195 
Self-equalizing winding, 501, 502 
Self-starting reluctance motor, 665, 666 


Separately excited de generator, 596-602 


equivalent circuit, 597 
nonlinear analysis, 598-602 
terminal characteristic, 596-597 
temmunal voltage, 597-598 
Separately excited de motors, 538-539, 
551, See also Shunt de motors 
Series current (Ig:), 109 
Series dc generator, 608-610 
Series de motors. 562-568 
disadvamage. 564 
flux, 563 
KVL equation, 562 
speed control, 567 
terminal characteristics, 563-567 
torque, 562-563 
torque-speed characteristic, 563-565 
Series diverter resistor, 613, 614 
Series voltage (Vgc), 109 
Series winding. 109 
Series (lap) winding, 493-497 
Series (wave) winding. 497-501 
Series-capacitor commutation circuit, 
189-191 
Service factor, 335 
Shaded-pole motors, 652-655 
Shading coil, 652 
Shaft. 3 
Shaft speed, 4 
Shell-form transformer, 67, 68, 98 
Short-citcuit characteristic (SCC), 284 
Short-circuit protection, 433 
Short-circuit ratio, 287 
Short-circuit test 
synchronous generator, 284 
transformer, 91-92 
Short-circuit transients, 321-326 
Shorting interlock. 142 
Shorting rings, 380 
Short-shunmt connection. 612 
Short-term operation (syachronous 
generator). 335 
Shunt de generator, 602-608 
anal ysis, 606-608 
equivalent circuit, 603 
KVL equation, 603 
terminal characteristic, 605-606 
voltage buildup, 603-605 
voltage control, 606 
Shuat de motors, 538-559 
armature resistance speed control, 
552, 553 
armature voltage speed control, 
551-552, 553-558 
equivalent circuit, 538 
field resistance speed control, 
548-551, 553-558 
inserting resistor in series with 
armature circuit, 552, 553 
KVL equation, 538 
nonlinear analysis, $43-547 
open field circuit, 558-559 
speed control, 547-558 
Stabilized shunt motor. 559 
terminal characteristic, 539-543 
torque-speed characteristic, 540 
SI units. 2, 54, 737. See alse Units of 
measure 


Silicon coatrolled rect fier (SCR). 
155_156 
Simple electric circuit, 11 
Simpte loop in uniform magnetic field, 
230-238 
Simplex lap winding, 493 
Simplex rotor winding, 492 
Simplex wave winding, 500 
Single-phase current source inverter, 
195-197 
Single-phase induction motors, 637-665 
air-gap power, 661-662 
capacitor-sturl motors, 649-651 
circuit model, 657-665 
cross-field theory, 643-645 
double-revolving-Geld theary. 
638-642 
magnetic field, 658-659 
power-flow diagram, 660 
rotor copper losses. 662 
shaded-pole motors, 652-653 
speed control. 656-657 
split-phase windings, 646-648 
starting, 646-656 
Single-phase motors, 633 
Singly excited, 388 
Six-pole de motor, 496 
Skewed rotor conductors, 724, 725 
Slip, 386 
Slip rings, 268 
Slip rings and brushes. 268 
Shp speed. 386 
Stipping poles. 351 
Shot harmonics, 722-724 
Shot patch. 718 
Soft-start induction motors, 423 
Soft-start loads, 448 
Software program. See MATLAB 
Solid-state de motor controller. 585-592 
block diagram, 588 
high-power electronics section, 590 
low-power electronics section, 
590-592 
protection circuit section, 589 
starV/stop circuit section, 589-590 
two-quadram vs. four-quadrant 
controller, 585-587 
Solid-state induction motor drives, 
444-452 
Solid-state variable-fre quency induction 
motor drive, 444, 445 
Special-purpose transformers, 68 
Speed. See aiso Torque-speed 
characteristic 
ac machines, 263-264 
base, 438 
cumulatively compounded de 
motor, 573 
d¢ motors, 534-535 
induction motors, 434-444 
series de motors, 567 
shunt de motors, 547-558 
single-phase induction motor, 
656-657 
synchronous generator, 272, 327 
syochronous motors, 373 
universal motors, 635 
Speed drop (SD), 304 
Speed regulation (SR), 263-264. 
534-535 
Speed regulation circuit, 590-59] 
Split-phasw motor, 646-648 
Spring-type push button switches, 
378, 579 
Square-law-torque connection, 438 
SR, 263-264, 534-535 
Stabilized shunt motor, 559 


Stanley, William, 65 
Starting 
dc motors, 573-582 
induction motor. 430-434 
linear de machine, 37-39, 42-47 
magnetic motor starter circuit. 
432-434 
resistive starter circuit, 434, 435 
single-phase induction motor, 
646-656 
synchronous motor, 364-371 
Starting code letters, 430, 431 
Starting resistor, 574 
Starting torque, 405 
Start/stop circuit section, 589-590 
Static ac frequency conversion, [93 
Stance stability limit, 282, 320 
Stator, 231, 473, 716 
Stator coil, 717 
Stator copper loss (SCL), 26) 
Stator windings, 267 
Steady-stute fault current, 324 
Steady-state period. 323 
Steady-state synchronous motor 
operation. 350-364 
Step-down autotransformer, 109, 110 
Stepper motor, 670-674 
Step-up autotransformer, 109, 110 
Stray losses, 262, $25 
Substation transformer, 67 
Subtraasient current, 323 
Subtransient period, 323 
Subtransient reactance. 325 
Symmetrical components. 325 
Synchronous capacitors, 364 
Synchronous condensers. 364 
Synchronous generator, 267-345 
brushless excitation, 268-271 
capability curve, 329-334 
cutaway diagram, 271, 272 
dc power, 268 
dynamic stability limit, 320 
equivalent circuit, 274-279 
fault, 321-326 
frequency -power characteristic, 
heating limit, 335 
internal generated voltage, 273 
lagging power factor, 289, 290 
beading power factor, 290 
bload changes, 289.299 
magneuzabon curve. 273 
model parameters, 283-288 
OCC, 283-284 
open-circuit test, 283 
parallel opermion, 299-319. See also 
Parallel operation of ac 
generators 
per-phase equivalent circuit, 278-279 
phasor diagram, 279-280 
pilot exciter, 271 
power, 280-283 
power-flow diagram. 280-28! 
ratings, 326-336. See also 
Syachronous generator ratings 
reactive power-voltage characteristic, 
15-36 
SCC. 284 
short-circuit ratio, 287 
short-circuit test, 284 
short-circwit transients, 32)-326 
single generator operating alone, 
288-299 
slip tings and brushes, 268 


speed of rotation, 272 
static stability bimit, 282 


syochronous motor, compared, 
371-372 
syochronous reactance. 276, 285. 286 
torque, 282-283 
transients, 319-326 
unity power factor, 289, 290 
voltage. 273, 327 
voltage regulation, 290-291 
Synchronous generator capability curve, 
329-334 
Synchronous generator ratings, 326-336 
apparent power, 327 
frequency, 326-327 
kilovoltamperes, 327 
power factor, 328 
salient-pole theory. 727-736 
service factor, 335 
short-time opermion, 335 
speed, 327 
voltage. 327 
Synchronous generator tmasients. 
319-326 
Synchronous induction motor, 665 
Synchronous machines, 230, See also 
Synchronous generator, 
Synchronous motor 
Synchronous motor, 346-379 
amortisseur windings, 367-371 
basic principle of operation, 346 
cammon application, 373 
equivalem circuit, 347 
field current changes, 355-360 
lagging power factor, 349, 355 
leading power factor. 352, 362 
load changes, 35]-355 
magnetic field, 347-350 
nameplate, 373 
per-phase equivalent circuit, 348 
phasor diagram, 349 
power-factor correction. 360-363 
pullout torque, 351 
ratings, 372-373 
speed of rotation, 373 
speed rating. 373 
starting, 364-371 
Steady-state operation, 350-364 
synchronous capacitor, 364 
syochronous generator, compared, 
371-372 
torque-speed charactanstic curve, 
350-351 
underexcited/overexcited, 356-357 
V curve, 356 
voltage, 373 
Synchronous motor ratings, 372-373 
Synchronous motor V curve, 356 
Synchronous reactance, 276, 285 
Synchroscope, 303-304 
Synchrospeed motor, 666, 667 
Syst#me Imernaional (SI), 2, 54, 737. 
See also Units of measure 


Tables of constants, 737 
Tap changing under load (TCUL) 
transformer, 109 
Taps, 108~109 
TCUL transformer, 109 
Teaser transformer. 131 
Temperature specifications, 259. 
See also Insulution 
Terminal characteristic 
cumulatively compounded dc 
generator, 612-613 
defined, 539 
differenually compounded dc 
generator, 617 


separately excited dc generator, 
596-597 
series dc generaior, 609-610 
series de motor, 563-567 
shunt de generator, 5-606 
shunt de motor, 539-543 
Terminal voltage—reactive power 
relationship. 305-306 
Tertiary winding, 66 
Tesh (T). 10, 737 
Tesla. Nicola. 426 
Thermal damage curve. 336 
The venin impedance. 407 
The venin resistance and reactance, 408 
The venin’s theorem. 406 
Thevenin's voltage. 406-407 
Thompson, Elthu, 534 
Theee-light-bulb method, 302. 303 
Three-phase circuits. 681-706 
advantages. 681 
balanced three-phase systems, 
693-700 
delta (4) connection, 688-689 
generation of voltages/currents, 
681-684 
line/phase quantities, 685 
one-line diagrams, 700 
phase sequence. 684. 685 
power retationships, 690-693 
power triangles, 700-703 
voltages/currents, 685-689 
Y connection. 635-688, 689 
Y-A transformation, 693, 695 
Three-phase current source inverter, 
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induction motor, 384-385, 398, 
401-483 

pullout. See Pullout torque 

pushover, 460, 461 

real ac machines, 237-238 

reluctance, 665, 727 

salient-pole machine, 734-735 

starting, 305 

synchronous generators, 282-283 

synchronous motor, 351 


units of measure, 5, 737 


Torque angle, 282, 283 
Torque-speed characteristic 


Capacilor-sian, capacilor-run 
motor, 653 

Capacitor-start motor, 650 

cumutatively compounded de motor. 
569-570 

differentially compounded de motor, 
570-571 

hysteresis motor, 668, 669 

induction machine, 461 

induction motor, 401-416 

permanent split-capacitor motor, 652 

self-starting reluctance motor, 667 

series dc motors, 563-565 

shaded-pole motor, 654 

shunt de motors, 540 

single-phase induction motor, 639, 
640, 642 

split-phase motor, 647 

synchronous motor, 350-351 

three-phase induction motor, 640 

universal motor, 636 


Total excitation current, 83 
Transformer, 65-151 


apparem power rating, {38-130 
autotransformer, 109-£16. See also 


197-199 
Three-phase fuli-wave rectifier, 169-170 
Three-phase generator. 681. 682 
Three-phase half-wave rectifier, 168-169 


Three-phase PWM inverter. 204 Py tah aes 
Three-phate statar, 239 141-142 
Three-phase stepper motor. 671 ee 139-140 
Three-phase T connection. 131, 133 caren uses, 
; defined, 65 
Three-phase transformation (two distribution. 67 
transformers). 126-133 ; 
n-A connection, 126-129 tas 
gener ae oe oe equivalent circuit, 86-94 
130-131 connect frequency rating, 134 


Scott-T connection, 131, 132 
three-phase T connection. $31, 132 
Three-phase transformer, § 16-126 
delta-detta connection. 123 
delta-wye connection, [21-122 
per-unit system of measurement. 
123-124 
types. 117 
Yy-& connection, 120-121 
Y-¥ connection. 118-120 
Three-phase voltage source inverter. 
199-202 
Three-step resistive starter (induction 
motor), 435 
Three-wire thyristor, 155-156 
Thyristor 
defined. 154 
GTO, 157 
three-wire. 155-157 
two-wire, 154-155 
Time-delay relays, 434, 579, 580 
Tooth harmonics, 722-724 
Torque, 4-5 
ac machines, 237-238, 255-258 
current-carrying loop, 234-238 
de machines, 480-482, 516-517 
defined. 5 
developed. 398 


induction generator. 460. 461 


ideal, 67-76. See also Ideal 
transformer 

importance, 66 

instrument, 140-142 

losses, 102 

main, 131 

nameplate, 140, 14] 

open-circuit test, 90-91! 

per-unit system of measurement. 94 

phasor diagram, 100-101 

potential, 141 

purpose, 66 

ratings, 134-139 

real, 76-86. See also Real transformer 

rotating, 386 

shell form, 67, 68 

short-circuit test, 91-92 

step-up, 109, 110 

substation, 67 

taps, 108-109 

TCUL, 109 

teaser, 131 

three-phase, 116-126. See also Three- 
phase transformer 

three-phase transformation {two 
transformers), | 26-133. See also 
Three-phase transformation (two 
transformers) 

unit. 67 

voltage rating. 134 
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Transformer—Cont. 
voltage regulation, 100-101 
Transformer action, 8 


Transformer model of induction motor. 


389-390 

Transformer nameplate, 140. 14! 
Transformer open-circuit test, 90-91 
Transformer phasor diagram, 100-101 
Transformer ratings, 134-139 
Transformer short-circuit test, 91-92 
Transformer taps, 108-109 
Transient current, 324 
Transient period, 323 
Transient reactance, 325 
Transistor 

IGBT, 161-162 

PTR, 160 
TRIAC, 158-159 
Trigger diode, 154 
Trigonometric identities, 684, 690 
Tripien harmonics, 714 
Triplex winding, 493 
Turns ratio, 69 
Two-layer windings, 49} 
Two-pole lap-wound dc machine, 494 
Two-pole syachronous motor, 347 
Two-quadrant solid-state de motor 

controller, 585 

Two-value capacitor motors, 650 
Two-wire thyristor, 154-155 


Undercompounded, 613 
Undervoltage protection, 434 
Undervoltage trip, 589 
Uniformly graded (eccentric) poles, 
520, 521 
Unit transformer, 67 
Units of measure 
angular acceleration, 4 
angular velocity, 3-4 
apparent power, 50 
conversion factors, 737 
electrical quantities, 54 
English units, 2, 53 
flex linkage, 31 
magnetic field density, 10 
magnetic flux density, 10 
magnetomotive force, I] 
permeability. 10 
power, 7 
reactive power, 49 
real power, 48 
SI onits, 2, 54 
table of constants, 737 
torque, 5 
work, 7 


Unity power factor, 289, 290 

Universal motor, 634-636 

Unsaturated region, 21 

Unsaturated synchronous reactance, 286 


Vao 155 
Ve, 109 
Vu. LO 
VL, HO 
Vee. 109 
V curve 
synchronous capacitor, 364 
synchronous motor, 356 
Variable-frequency cycloconverter, 209 
Variable-line-voltage speed control 
(induction motor), 443 
Variable-voltage autotransformer, i115 
Voltage 
ac machines, 233, 250-255 
ac phase control, 177-186 
armature reaction, 276 
coil on two-pole stator. 250-253 
common, 109 
conductor moving im magnetic field, 
34-35 
cumulatively compounded dc 
generator, 611, 614 
de machines, 475-480, 514-516 
A connection, 688-689 
differentially compounded dc 
generator, 617 
distributed windings, 721-722 
fractional-pitch coil, 709-712 
induction motor, 443, 465-466 
KVL. See Kirchhoff's voltage law 
PIV, 154 
reactive-power-voltage characteristic, 
305-306 
real ac machines, 233 
rms vokage (three-phase stator), 254 
separately excited dc generator, 
597-598 
series, 109 
shunt de generator, 603-605, 606 
simple rotating loop, 231-233 
synchronous generator, 273, 327 
synchronous motor. 373 
Thevenin, 406-407 
three-phase circuit, 685-689 
three-phase set of coils, 253 
transformers, 134 
Y connection, 685-688 
Voltage buildup (shunt generator), 
606-605 
Voltage divider rule, 406 


Voltage ratio across a transformer, 78-80 


Voltage regulation (VR) 
ac machines, 262-263 
full-load, 100 
syachronous generators, 290-291 
transformers, 100 
Voltage regulator, 109 
Voltage source inverter (VSI), 195, 196, 
199-202 
YR. See Voltage regulation (VR) 
VSI, 195, 196, 199-202 
V-V connection, 126-129 


Ward-Leonard system, 583-585 
Watt (W), 737 
Wave winding, 497-501 
Weber (Wb), 737 
Windage losses, 262, 525 
Winding 
ac machines, 250, 258-260 
amortisseur, 367-371 
armature, 267, 492-493 
chorded, 491, 709 
common, 109 
compensatory, 512-513 
damper, 367-371 
distributed, 716-725 
double-layer, 491, 718 
equalizing, 494, 496, 498 
field, 267 
fractional-pitch, 249, 712-716 
frog-leg, 501-502 
lap, 493-497 
mwitiple stator, 438 
primary. 66 
progressive, 492 
retrogressive, 492 
rotor, 492-493 
secondary, 66 
senes, 109 
tertiary, 66 
two-layer, 491, 718 
wave, 497-50] 
Winding factor, 721 
Winding insulation, 258-260 
Work, 7 
Wound rotor, 382, 383 
Wound-rotor induction motor, 382-334 
Wye (Y) connection, 685-688, 689 
Wye-delta (Y-A) connection, 120-121 
Wye-wye (Y-Y) connection, 118-120 


Y connection, 685-688, 689 
Y-A connection, 120-121 
Y-A transformation, 693, 695 
Yoke, 519, 521 

Y-Y connection, 118-120 
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teaching aids and compatibility with course management 
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